
N A S A  C R - 5 4 3 1 2  
S % F  AL65T077 

. .  
I *. 
I 

' . j., 
, .  

n g l e g : b n d  L .  B. S i b l e y  
. ' I  

p repayed  f o r  

I 
1 

CONTRACT NAS3-6267 
t i \  
, ~ 1 /  

I 

m 
I (ACCESSION NUMBER) 
U d 
0 /d -5 

(PAGES) 
i 
2 

(NASA CR OR TMX OR AD NUMBER) 

5 3 6 6  
(THRU) I :  
/- 

(CODE) / 5  " I 
tC&EGO RYI 

ji .". 

GPO PRICE $ 

CFSTI PRICE(S) $ 

Microfiche ( M  F) 

We53 July65 

RESEARCH LABORATORY 

91cF INDUSTRIES, INC.  
ENGINEERING AND RESEARCH CENTER . .i 

KING OF PRUSSIA, PA. r\ 



NOTICE 

T h i s  r e p o r t  w a s  p r e p a r e d  a s  a n  a c c o u n t  o f  G o v e r n m e n t  
s p o n s o r e d  w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  
N a t i o n e l  A e r o n a u t i c s  and  S p a c e  A d m i n i s t r a t i o n  (NASA), 
n o r  any p e r s o n  a c t i n g  o n  b e h a l f  o f  NASA: 

A .  1 M a k e s  a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  
o r  i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  com- 
p l e t e n e s s ,  o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n -  
t a i n e d  i n  t h i s  r e p o r t ,  o r  t h a t  t h e  use o f  a n y  
i n f o r m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s -  
c l o s e d  i n  t h i s  r e p o r t  may n o t  i n f r i n g e  p r i v a t e l y  
owned r i g h t s ;  or 

B . )  Assumes a n y  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  use  
o f ,  o r  f o r  d a m a g e s  r e s u l t i n g  f r o m  t h e  use o f  a n y  
i n f o r m a t i o n ,  a p p a r a t u s ,  m e t h o d  o r  p r o c e s s  d i s -  
c l o s e d  i n  t h i s  r e p o r t .  

As u s e d  a b o v e ,  “ p e r s o n  a c t i - n g  o n  b e h a l f  o f  N A S A ”  i n c l u d e s  
a n y  e m p l o y e e  o r  c o n t r a c t o r  o f  NASA, o r  e m p l o y e e  o f  s u c h  
z o n t r o c i o i ,  i o  t h e  e x t e n t  t h a t  s u c h  e m p l o y e e  o r  c o n t r a c t o r  
o f  NASA, o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i ssem-  
i n a t e s ,  o r  p r o v i d e s  a c c e s s  t o ,  a n y  i n f o r m a t i o n  p u r s u a n t  t o  
h i s  e m p l o y m e n t  o r  c o n t r a c t  w i t h  N A S A ,  o r  h i s  ernpJoyment w i t h  
c 1 I C  h c 2 z  :y= -z  r. 

R e q u e s t s  f o r  c o p i e s  o f  t h i s  r e p o r t  s h o u l d  b e  r e f e r r e d  t o  

N a t i o n a l  A e r o n a u t i c s  and  S p a c e  A d m i n i s t r a t i o n  
O f f i c e  o f  S c i e n t i f i c  and  T e c h n i c a l  I n f o r m a t i o n  . 
A t t e n t i  on: AFSS-A 
W a s h i n g t o n ,  D. C.  20546 

. 



N A S A  CR-54312 
B E  IF AL65T077 

S E C O N D  SEMIANNUAL REPORT 

SUPERSONIC TRANSPORT LUBRICATION SYSTEM INVESTIGATION 

b y  

C .  G .  H i n g l e y  a n d  L .  B .  S i b l e y  

p r e p a r e d  f o r  

NATIONAL AERONAUTICS A N D  SPACE ADMINISTRATION 

November  20 ,  1965 

CONTRACT NAS3-6267 

P r o j  e c  t Management  
N A S A  L e w i s  R e s e a r c h  C e n t e r  

C l e v e l a n d ,  O h i o  
S p a c e c r a f t  T e c h n o l o g y  D i v i s i o n  

D e n n i s  P .  T o w n s e n d ,  P r o j e c t  M a n a g e r  
W i l l i a m  E .  L o o m i s ,  R e s e a r c h  A d v i s o r  

RESEARCH LABORATORY 

5 K F  INDUSTRIES, INC. -. 

ENGINEERING AND RESEARCH CENTER 
KING O F  PRUSSIA, PA. 



ACKNOWLEDGEMENT 

C o n t r i b u t o r s  t o  t h i s  p r o g r a m  o f  t h e  f o l l o w i n g  m e m b e r s  
o f  t h e  5 E B I n d u s t r i e s ,  I n c .  R e s e a r c h  S t a f f  a r e  a c k n o w l e d g e d :  
J .  C a l d w e l l ,  R .  E .  C h e e r s ,  G .  C h i c c a r i n e ,  S. C. C h o u ,  R .  E v a n ,  
J. L a g m a k i s ,  H .  E .  M a h n c k e ,  2'. Mulcavage ,  P,. P i l k i n g t o n ,  
R .  H .  P r e w i t t ,  R .  R e i n h o l d ,  A .  S c h w a r t z ,  G .  S e b o k ,  C .  W a c h e n d o r f e r ,  
a n d  J .  W a l t r i c h .  

i i  



TABLE OF CONTENTS ( C o n t . )  

F l u i d s  t o  b e  U s e d  a s  " O n c e - T h r o u g h "  

F r e o n  A d d i t i v e s  
P r e l i m i n a r y  O i l  Mist S t u d i e s  

L u b r i c a n t s  

Shakedown T e s t i n g  

P a g e  

27 
28  
28 

31 

A .  R e c i r c u l a t i n g  R i g  T e s t s  w i t h  M i n e r a l  
O i l  L u b r i c a t i o n  S u p p l i e d  T h r o u g h  a n  
A u x i l i a r y  S y s t e m  33 

B.  O i l - M i s t  R i g  T e s t s  - T e m p o r a r y  L u b -  
r i c a t i o n  S y s t e m  36 

C .  O i l - M i s t  R i g  T e s t s  - F i n a l  L u b r i c a t i o n  
S y s t e m  37 

D .  Mis t  R i g  S h a k e d o w n  - MIL-L-7808 F l u i d  - 
No H e a t  39 

E .  R e c i r c u l a t i n g  R i g  T e s t s  - F i n a l  O i l  
S y s  tem 41 

T e s t  S e a l s  4 2  
S c h e d u l i n g  o f  S c r e e n i n g  a n d  E n d u r a n c e  

T e s t s  ( T a s k s  1 1 - I V )  4 4  

L I S T  OF REFERENCES 46  

AP P EN DI CES 

APPENDIX I - SST LUBRICATION SYSTEM INVESTIGATION 

APPENDIX I1 - CALCULATIONS OF THE LOAD APPLIED TO 
THE TEST BEARING BY PNEUMATIC PRESSURE 

APPENDIX I11 - DUPONT REPORTS O N  FREON ADDITIVE TESTING 

i v  



L I S T  OF ENCLOSURES 

E n c l o s u r e  1 

E n c l o s u r e  2 

E n c l o s u r e  3 

E n c l o s u r e  4 

E n c l o s u r e  5 

E n c l o s u r e  6 

E n c l o s u r e  7 

E n c l o s u r e  8 

E n c l o s u r e  9 

E n c l o s u r e  10 

E n c l o s u r e  11 

E n c l o s u r e  1 2  

E n c l o s u r e  13 

E n c l o s u r e  14 

E n c l o s u r e  15 

E n c l o s u r e  16 

P E R T  N e t w o r k  of  P r o j e c t  T a s k s  

G e n e r a l  T e s t  R i g  L a y o u t  S c h e m a t i c  

T e s t  F a c i l i t y  - G e n e r a l  L a y o u t  

T e s t  R i g  A s s e m b l y  - T h r u s t  A p p l i e d  T h r o u g h  
L o a d  B e a r i n g  

T e s t  R i g  A s s e m b l y  - R e v e r s e  D i r e c t i o n  
P n e u m a t i c  L o a d  

G e n e r a l  V i e w  o f  R e c i r c u l a t i n g - O i l  Tes t  C e l l  

C l o s e  Up V i e w  o f  R e c i r c u l a t i n g  O i l  T e s t  R i g  
S h o w i n g  H o t  Air S u p p l y  t o  t h e  B a c k  o f  t h e  
T e s t  S e a l  P a i r  

P n e u m a t i c  R e g u l a t i o n  o f  S h a f t  T e m p e r a t u r e  

O i l  Mist T e s t  R i g  - N i t r o g e n  S u p p l y  S y s t e m  

O i l  Mist  Q u a n t i t y  S u p p l i e d  b y  Mist  G e ~ e r a t o r  

R e m o t e  O i l  L e v e l  D e t e c t i o n  

B l o c k  D i a g r a m  of A p p a r a t u s  f o r  SST P r e s s u r e  
C a l i  b r a t  i o n  

P r e s s u r e  T r a n s m i t t e r  C a l i b r a t i o n  - R e c i r c u l a t i n g  
O i l  R i g  

P r e s s u r e  T r a n s m i t t e r  C a l i b r a t i o n  - R e c i r c u l a t i n g  
O i l  R i g  

P r e s s u r e  T r a n s m i t t e r  C a l i b r a t i o n  - R e c i r c u l a t i n g  
O i l  R i g  

P r e s s u r e  T r a n s m i t t e r  C a l i b r a t i o n  - O i l  Mist  R i g  

V 



L I S T  OF ENCLOSURES (Con t .  

E n c l o s u r e  17 

E n c l o s u r e  18 

E n c l o s u r e  19 

E n c l o s u r e  2 0  

E n c l o s u r e  2 1  

E n c l o s u r e  2 2  

E n c l o s u r e  2 3  

E n c l o s u r e  2 4  

E n c l o s u r e  2 5  

E n c l o s u r e  2 6  

E n c l o s u r e  2 7  

E n c l o s u r e  28 

E n c l o s u r e  2 9  

E n c l o s u r e  30 

E n c l o s u r e  31 

E n c l o s u r e  3 2  

E n c l o s u r e  33 

E n c l o s u r e  3 4  

P r e s s u r e  T r a n s m i t t e r  C a l i b r a t i o n  - O i l  M i s t  R i g  

P r e s s u r e  T r a n s m i t t e r  C a l i b r a t i o n  - O i l  M i s t  R i g  

T o r q u e  S e n s o r  A s s e m b l y  

T o r q u e  S e n s o r  C a l i b r a t i o n  

T e s t  B e a r i n g  T h r u s t  L o a d  C a l i b r a t i o n  

S i x t e e n  C h a n n e l  M e r c u r y  W e t t e d  S l i p  R i n g -  
A s s e m b l  y 

E l e c t r i c a l  C o n n e c t o r  P r o b e  - A s s e m b l y  

T e s t  S h a f t  E l e c t r i c a l  E x t e n s i o n  T u b e  

T e s t  B e a r i n g  D a t a  - S e r i e s  I D e s i g n  

T e s t  B e a r i n g  D a t a  - S e r i e s  I Des ign  

T e s t  B e a r i n g  D a t a  - S e r i e s  I1 D e s i g n  

H i g h  S p e e d  T h r u s t  B e a r i n g  - C o m p u t e r  O u t p u t  D a t a  

E f f e c t  o f  B e a r i n g  G r o o v e  C o n f o r m i t y  o n  B e a r i n g  
L i f e  a n d  S p i n - t o - R o l l  R a t i o  

T h e  D e g r e e  o f  O u t e r - R a c e  C o n t r o l  - S p i n n i n g  
T o r q u e  R a t i o  a s  a F u n c t i o n  o f  I n n e r  a n d  O u t e r  
R a c e  C o n f o r m i  t i e s  

V i  s c o  s i t y - T e m p e r a t u r  e Re1 a t  i o n  f o r  C i r c u l a t i n g  
O i l s  

V i s c o s i t y - T e m p e r a t u r e  R e l a t i o n  F o r  Mis t  
L u b r i c a t i n g  O i l s  

P r o p e r t i e s  o f  M o n s a n t o  MCS-293 

G e n e r a l  P r o p e r t i e s  o f  H e r c o l u b e  F 

v i  



L I S T  OF .- ENCLOSURES ( C o n t . )  

E n c l o s u r e  35 

E n c l o s u r e  3 6  

E n c l o s u r e  37 

I 

E n c l o s u r e  38 

E n c l o s u r e  39 

E n c l o s u r e  40  

E n c l o s u r e  4 1  

E n c l o s u r e  4 2  

O i l - M i s t  S t a t i c  T e s t  R i g  

Summary  o f  C o n d i t i o n s  a n d  R e s u l t s  o f  O i l  
Mis t  D e p o s i t  F o r m a t i o n  T e s t s  

D e p o s i t  F o r m a t i o n  o n  6 0 0 0 F  S t a t i c  B e a r i n g  
R i n g s  E x p o s e d  t o  S u n t h e t i c  1 8 H  i n  O i l -Mis t  
F o r m  f o r  30 M i n u t e s  

P o w e r  C o n s u m p t i o n  C u r v e s  F r o m  I n p u t  t o  
50 HP D r i v e  M o t o r  

L u b r i c a t i o n  D i s t r e s s  i n  Oi l -Mist  T e s t  B e a r i n g  
C o m p o n e n t s  A f t e r  R u n n i n g  6 . 8  H o u r s  a t  6000 r p m ,  
1000 l b s .  T h r u s t  ( O i l  M i s t  L u b r i c a n t  S u p p l y  
C u t  Off  A f t e r  3 . 8  H o u r s )  

Net T h r u s t  o n  T e s t  B e a r i n g  a s  a F u n c t i o n  o f  
B e a r i n g  C a v i t y  P r e s s u r e  

4 5 9 9 8 1 A  T e s t  B e a r i n g  A f t e r  8 H o u r  Run u p  t o  
f u l l  S p e e d  a n d  L o a d  i f i  R e c i r c u l a t i n g  B i g .  

O i l  S i d e  T e s t  S e a l  A f t e r  8 H o u r  Run Up t o  
F u l l  S p e e d  a n d  L o a d  i n  R e c i r c u l a t i n g  R i g  

v i i  



SUPERSONIC TRANSPORT LUBRICATION SYSTEM INVESTIGATION 

b y  

C .  G .  H i n g l e y  a n d  L .  B .  S i b l e y  

ABSTRACT 

B a l l  b e a r i n g s  a n d  b e l l o w s  f a c e  s e a l s  f o r  u s e  o n  Mach 3 
a i r c r a f t  g a s  t u r b i n e  e n g i n e  m a i n s h a f t s ,  a n d  s u i t a b l e  t e s t  
r i g s  t o  s i m u l a t e  e n g i n e  o p e r a t i n g  c o n d i t i o n s ,  h a v e  b e e n  
m a n u f a c t u r e d  a n d  c h e c k - o u t  t e s t i n g  c o n d u c t e d  o n  a l l  h a r d w a r e  
a n d  t e s t  s y s t e m s .  A d e v e l o p m e n t  p r o g r a m  i s  u n d e r w a y  t o  d e -  
t e rmine  t h e  m o s t  s u i t a b l e  c o m b i n a t i o n  o f  p r e s e n t l y  a v a i l a b l e  
m a t e r i a l s  a n d  l u b r i c a n t s  t o  p e r m i t  o p e r a t i o n  o f  t h e s e  b e a r -  
i n g s  a n d  s e a l s  u n d e r  t y p i c a l  e n g i n e  l o a d  a n d  s p e e d  c o n d i t i o n s  
a t  t h e  h i g h e s t  p o s s i b l e  a m b i e n t  t e m p e r a t u r e  a b o v e  600°F w i t h  
t h e  s e a l s  e x p o s e d  t o  1 2 0 0 ° F  a i r  a n d  a p r e s s u r e  d i f f e r e n t i a l  
o f  100 p s i .  T e s t s  a r e  c o n d u c t e d  p r i m a r i l y  u s i n g  a n i t r o g e n -  
b l a n k e t e d  b e a r i n g  c h a m b e r  a n d  i i i i j r i c a n i  sys tem.  

T e s t  l u b r i c a n t s  a r e  b e i n g  s c r e e n e d  f o r  t h e i r  p o t e n t i a l  
p e r f o r m a n c e  u n d e r  two d i f f e r e n t  a p p l i c a t i o n  t e c h n i q u e s ,  n a m e l y ,  
j e t  l u b r i c a t i o n  o f  t h e  b e a r i n g s  w i t h  c i r c u l a t i n g  o i l ,  a n d  o n c e -  

/ / /  r c ; .  , 

t h r o u g h  l u b r i c a t i o n  i n  t h e  f o r m  o f  o i l  m i s t .  

v i i i  



SUPERSONIC TRANSPORT LUBRICATION SYSTEM INVESTIGATION 

by  C .  G .  H i n g l e y  a n d  L .  B .  S i b l e y  

5 E  DB I n d u s t r i e s ,  I n c .  

INTRODUCTION 

T h i s  i s  t h e  s e c o n d  s e m i a n n u a l  r e p o r t  u n d e r  NASA C o n t r a c t  
NAS3-6267 a n d  c o v e r s  t h e  w o r k  d o n e  f r o m  May 3 t h r o u g h  O c t o b e r  
31 ,  1965 ,  o n  a 2 4 - m o n t h  r e s e a r c h  p r o g r a m .  

T h e  p e r f o r m a n c e  o f  a i r c r a f t  g a s  t u r b i n e  m a i n s h a f t  b a l l  
b e a r i n g s ,  s e a l s ,  a n d  l u b r i c a n t s  u n d e r  s i m u l a t e d  s u p e r s o n i c  
t r a n s p o r t  e n g i n e  c o n d i t i o n s  (Mach 3 )  i s  b e i n g  s t u d i e d  u s i n g  t h e  
m o s t  a d v a n c e d  m a t e r i a l s ,  d e s i g n s ,  a n d  m a n u f a c t u r i n g  t e c h n i q u e s  
a v a i l a b l e .  B o t h  a n  o i l  c i r c u l a t i n g  s y s t e m  a n d  a o n c e - t h r o u g h  
o i l - m i s t  s y s t e m  a r e  u n d e r  i n v e s t i g a t i o n ,  e a c h  w i t h  i n e r t  g a s  
b l a n k e t i n g  f o r  h i g h - t e m p e r a t u r e  l u b r i c a t i o n .  F i v e  c a n d i d a t e  
l u b r i c a n t s  f o r  e a c h  o f  t h e  two s y s t e m s  h a v e  b e e n  s e l e c t e d  f o r  
s c r e e n i n g  e v a l u a t i o n ,  a n d  1 0 0 0 - h o u r  e n d u r a n c e  t e s t s  w i l l  b e  
c o n d u c t e d  w i t h  o n e  o r  two o f  t h e  b e s t  o i l s  i n  e a c h  s y s t e m .  

SUMMARY -- 

Two t e s t  m a c h i n e s  a n d  r e l a t e d  s y s t e m s  w i t h  r e c i r c g l a t i n g  
o i l  a n d  o n c e - t h r o u g h  l u b r i c a t i o n  r e s p e c t i v e l y ,  f o r  t h e  e v a l u a -  
t i o n  o f  125-mm b o r e  b a l l  b e a r i n g s ,  t w o - s t a g e  b e l l o w s - t y p e  f a c e  
s e a l s  ( d e v e l o p e d  u n d e r  s u b c o n t r a c t  b y  K o p p e r s  C o . ,  I n c . )  a n d  
c a n d i d a t e  l u b r i c a n t s ,  h a v e  b e e n  m a n u f a c t u r e d  a n d  i n s t a l l e d  i n  
t e s t  c e l l s .  C h e c k - o u t  t e s t i n g  w i t h o d t  e x t e r n a l  h e a t  a d d e d  u n d e r  
s p e e d s  a n d  l o a d s  u p  t o  e s s e n t i a l l y  f u l l  d e s i g n  l o a d  a n d  s p e e d  h a s  
b e e n  c o n d u c t e d  s u c c e s s f u l l y  o n  b o t h  r i g s .  

A l l  s y s t e m s  a n d  c o m p o n e n t s  h a v e  b e e n  d e s i g n e d  t o  o p e r a t e  
a t  1 4 , 0 0 0  rpm s h a f t  s p e e d ,  3 2 8 0  l b s .  t h r u s t  l o a d  on  t h e  t e s t  
b e a r i n g  (AFBMA c o m p u t e d  L10 l i P e  500 h o u r s ) ,  6 0 0 ° F  t o  8 0 0 ° F  
b e a r i n g  t e m p e r a t u r e ,  100 p s i  d i f f e r e n t i a l  p r e s s u r e  a c r o s s  t h e  
t e s t  s e a l s ,  a n d  1 2 0 0 0 F  a i r  a t  t h e  o u t b o a r d  t e s t  s e a l .  H i g h  
t e m p e r a t u r e  c h e c k - o u t  t e s t i n g  h a s  s t a r t e d  i n  t h e  r e c i r c u l a t i n g  
o i l  r i g  u s i n g  MIL-L-7838E l u b r i c a n t  ( E s s o  T u r b o  O i l  4 0 4 3 1 ,  w h i c h  
was  f o u n d  i n  o n e  h o u r  t e s t s  t o  p r o v i d e  a d e q u a t e  l u b r i c a t i o n  o f  
t h e  b e a r i n g s  a n d  s e a l s  i n  t h e  r e c i r c u l a t i n g  r i g  a t  b e a r i n g  t e m p -  
e r a t u r e s  o f  5 0 0 0 F .  u s i n g  n i t r o g e n  b l a n k e t i n g .  
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C O N C L U S I O N S  . ---- 
1. A c c o r d i n g  t o  t h e  e v i d e n c e  f r o m  t h e  c h e c k - o u t  t e s t s  

c o n d u c t e d ,  t h e  t e s t  s y s t e m  f o r  r e c i r c u l a t i n g  l u b r i c a t i o n ,  t o -  
g e t h e r  w i t h  i t s  f l u i d  a n d  c o n t r o l  s y s t e m s ,  i s  o p e r a t i o n a l .  

2 .  A s i m i l a r  t e s t  s y s t e m ,  b u t  u t i l i z i n g  a o n c e - t h r o u g h  
m i s t  l u b r i c a t i o n  t e c h n i q u e ,  i s  o p e r a t i o n a l  a c c o r d i n g  t o  
c h e c k - o u t  t e s t s .  

3 .  T e s t s  h a v e  s h o w n  t h a t  o i l - m i s t  l u b r i c a t i o n  i s  f e a s i b l e  
f o r  a t  l e a s t  o n e  h o u r ' s  o p e r a t i o n  o f  a n  u n h e a t e d  g a s  t u r b i n e  b a l l  
t h r u s t  b e a r i n g  r u n n i n a  a t  1 4 , 0 0 0  r p m  w i t h  3 , 2 8 0  l b s .  t h r u s t  l o a d  
u s i n g  a M I L - L - 7 8 0 8 E  f l i i i d .  

4 .  T h e  e x p e r i m e n t a l  b e l l o w s  f a c e  s e a l s  f u n c t i o n  a d e q u a t e l y  
u n d e r  u n h e a t e d  c o n d i t i o n s  when  o p e r a t e d  a t  14 ,000  rpm u n d e r  a 
d i f f e r e n t i a l  p r e s s u r e  o f  100 p s i .  

5 .  R i g  c h e c k - o u t  t e s t i n g  h a s  u n c o v e r e d  s o m e  p r o b l e m s  i n  
e x t e n d e d  o p e r a t i o n  o f  t h e  v a r i o u s  r i g  s y s t e m s  a n d  b e a r i n g s  u n d e r  
t h e  t e s t  c o n d i t i o n s .  H o w e v e r ,  t h e  p r e s e n t  d e s i g n s  o f  a l l  s y s t e m s  
a n d  b e a r i n g s  a r e  b a s i c a l l y  w o r k a b l e ,  a n d  t h e y  w i l l  b e  u s e d  t o  
s t a r t  s c r e e n i n g  t e s t s  o f  t h e  s e l e c t e d  l u b r i c a n t s .  
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-- DETAILS OF PROGRESS 

I n  g a s  t u r b i n e  e n g i n e s  d e s i g n e d  f o r  u s e  i n  a d v a n c e d  
g e n e r a t i o n s  o f  s u p e r s o n i c  t r a n s p o r t  a i r c r a f t ,  t h e  m a i n s h a f t  
t h r u s t  b e a r i n g s  a r e  r e q u i r e d  t o  r o t a t e  a t  h i g h e r  s p e e d  a n d  
t o  o p e r a t e  e f f i c i e n t l y  a n d  r e l i a b l y  a t  h i g h e r  t e m p e r a t u r e s  
t h a n  a n y  c u r r e n t  j e t - e n g i n e  b e a r i n g s .  O v e r a l l  e n g i n e  h e a t  
t r a n s f e r  a n d  e f f i c i e n c y  c o m p u t a t i o n s  i n d i c a t e  t h a t  t h e s e  
t h r u s t  b e a r i n g s  m u s t  b e  c a p a b l e  o f  o p e r a t i n g  a t  600°F a n d  
a b o v e ,  a n d  a s  a c o n s e q u e n c e ,  t h e  f l u i d s  u s e d  t o  l u b r i c a t e  
t h e m  a n d  t h e  s e a l s  u s e d  t o  c o n t a i n  t h e  l u b r i c a n t  i n  t h e  
b e a r i n g  c h a m b e r ,  m u s t  b e  s a t i s f a c t o r y  a t  t h e s e  t e m p e r a t u r e s .  
T o  m i n i m i z e  l u b r i c a n t  d e g r a d a t i o n  a t  t h e s e  h i g h  t e m p e r a t u r e s ,  
n i t r o g e n  b l a n k e t i n g  may b e  e m p l o y e d  t o  r e d u c e  o x y g e n  t o  a 
v e r y  l o w  l e v e l  i n  t h e  b e a r i n g  and l u b r i c a n t  s y s t e m .  

Two b a s i c  m e t h o d s  o f  l u b r i c a t i o n  p r e s e n t  t h e m s e l v e s ,  
T h e s e  a r e ,  f i r s t l y ,  t h e  c o n v e n t i o n a l  r e c i r c u l a t i n g  o i l - j e t  
l u b r i c a t i o n  o f  t h e  b e a r i n g ,  a n d  s e c o n d l y ,  m i s t  l u b r i c a t i o n  
u s i n g  e i t h e r  n i t r o g e n  o r  a i r  a s  a c a r r i e r  f o r  t h e  o i l ,  a l l o w -  
i n g  a l a r g e  p o r t i o n  o f  t h e  h e a t  g e n e r a t e d  by t h e  b e a r i n g  t o  
b e  r e m o v e d  b y  g a s  c o o l i n g .  Ir! t h e  s e c e n d  sys t e i i l ,  t h e  o i l  i s  
n o t  r e c o v e r e d  a n d  t h u s  t h e  s y s t e m  i s  o f  t h e  o n c e - t h r o u g h  t y p e ,  
d i s p e n s i n g  w i t h  t h e  n e e d  f o r  o i l  c o o l e r s  a n d  s c a v e n g e  pumps  
a n d  a l s o  r e l a x i n g  t h e  t h e r m a l  s t a b i l i t y  r e q u i r e m e n t s  n e c e s s a r y  
f o r  r e c i r c u l a t i n g  o i l s .  

T h e  c u r r e n t  s t a t e  o f  d e v e l o p m e n t  o f  b e a r i n g s ,  s e a l s  a n d  
l u b r i c a n t s  i s  s u c h  t h a t  o p e r a t i o n ,  u n d e r  t h e  c o n d i t i o n s  s p e c i -  
f i e d  f o r  a d v a n c e d  s u p e r s o n i c  t r a n s p o r t  e n g i n e s ,  i s  d e f i n i t e l y  
p o s s i b l e  a l t h o u g h  e x t e n d e d  o p e r a t i o n  o f  t h e  p r o p o s e d  l u b r i c a -  
t i o n  s y s t e m s  h a s  n o t  y e t  b e e n  r e l i a b l y  a c c o m p l i s h e d .  

R e s e a r c h  Ob-i e c t i v e s  

I t  i s  t h e  p u r p o s e  o f  t h i s  p r o g r a m  o f  r e s e a r c h  t o  i n v e s -  
t i g a t e  t h e  l i m i t s  o f  f e a s i b i l i t y  o f  u s i n g  t h e  b e s t  c u r r e n t l y  
a v a i l a b l e  b e a r i n g s ,  s e a l s ,  a n d  l u b r i c a n t s  i n  h i g h - t e m p e r a t u r e  
l u b r i c a t i o n  s y s t e m s  u n d e r  c o n d i t i o n s  s i m u l a t i n g  t h o s e  e x p e c t e d  
i n  t h e  m a i n  p r o p u l s i o n  p o w e r  u n i t s  o f  a n  a d v a n c e d  Mach 3 
s u p e r s o n i c  t r a n s p o r t  a i r c r a f t .  I t  i s  e x p e c t e d  t h a t  t h i s  r e -  
s e a r c h  w i l l  r e s u l t  i n :  
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a )  D a t a  p e r t a i n i n g  t o  maximum t e m p e r a t u r e  c a p a b i l i t y  

I o f  s e v e r a l  o f  t h e  m o s t  p r o m i s i n g  a v a i l a b l e  l u b r i c a n t s  i n  b o t h  
c i r c u  1 a t  i ng a n d  " o n c e - t h r o u g  h "  n i  t r o g e  n-b 1 a n k e  t e  d l u  b r i  c a t  i o n  
s y s  terns. 

b )  O p e r a t i n g  e x p e r i e n c e  w i t h  a l u b r i c a n t  h a v i n g  a F r e o n  
a d d i t i v e  u n d e r  s u p e r s o n i c  t r a n s p o r t  e n g i n e  c o n d i t i o n s  i n  b o t h  I 

i r e c i r c u l a t i n g  j e t  l u b r i c a t i o n  a n d  o i l - m i s t  l u b r i c a t i o n  s y s t e m s .  

I c )  C o m p a r i s o n  b e t w e e n  a n  i n e r t e d  a n d  a n  o p e n  r e c i r -  
t c u l a t i n g  o i l  s y s t e m  u n d e r  s u p e r s o n i c  t r a n s p o r t  c o n d i t i o n s  

u s i n g  t h e  m o s t  p r o m i s i n g  a v a i l a b l e  l u b r i c a n t .  

d )  D a t a  o n  e n d u r a n c e  o f  i n e r t e d  r e c i r c u l a t i n g  a n d  
I 
I o i l - m i s t  b e a r i n g  a n d  s e a l  s y s t e m s  u n d e r  s i m u l a t e d  s u p e r s o n i c  
I t r a n s p o r t  e n g i n e  c o n d i t i o n s  u p  t o  a maximum o f  1000 h o u r s .  

P l a n  o f  R e s e a r c h  

T h e  r e s e a r c h  p r o g r a n  i s  d i v i d e d  i n t o  s i x  s e p a r a t e  T a s k s  
I d e s c r i b e d  i n  E x h i b i t  A o f  t h e  c o n t r a c t ,  w h i c h  i s  g i v e n  a s  

A p p e n d i x  I .  

I T h e  p h a s i n g  o f  t h e  e f f o r t  i s  s h o w n  i n  t h e  PERT n e t w o r k  
g i v e n  i n  E n c l o s u r e  1 ,  w h i c h  i s  c u r r e n t  a s  o f  O c t o b e r  31, 1965. 
T h e  p r o j e c t  e f f o r t  t o  d a t e  h a s  beer .  e x p e n d e d  i n  T a s k s  I ,  11, 
I V ,  a n d  V I  c o n c e r n e d  w i t h  c o n s t r u c t i o n  n f  f a c i l i t i e s  arid t e s t  
s p e c i m e n s .  D u r i n g  t h e  s i x  m o n t h s  c o v e r e d  b y  t h i s  r e p o r t  t h e  
n i a j o r  p o r t i o n  o f  t h e  e f f o r t  h a s  b e e n  d e v o t e d  t o  t h e  i n s t a l l a -  
t i o n  a n d  c h e c k - o u t  t e s t i n g  o f  t h e  t w o  t e s t  r i g s  a n d  t h e  
a s s o c i a t e d  c o n t r o l  e q u i p m e n t ,  t h e  f i n a l  s e l e c t i o n  o f  t e s t  
f l u i d s  a n d  t h e  m a n u f a c t u r e  a n d  q u a l i t y  c o n t r o l  o f  b e a r i n g s  
a n d  s e a l s .  
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T a s k s  I1 t h r o u g h  V t o  be  u n d e r t a k e n  h e r e a f t e r  c o v e r  
t h e  s c r e e n i n g  o f  c a n d i d a t e  l u b r i c a n t s  i n  b o t h  t h e  r e c i r -  
c u l a t i n g  a n d  o n c e - t h r o u g h  r i g s ,  f o l l o w e d  b y  two 1 0 0 0 - h o u r  
e n d u r a n c e  t e s t s  w i t h  a s e l e c t e d  l u b r i c a n t  i n  e a c h  r i g ,  e a c h  
1 0 0 0 - h o u r  t e s t  t o  b e  a c c u m u l a t e d  f r o m  s h o r t  r u n s  o f  a b o u t  
1 0 - h o u r s  d u r a t i o n  e a c h ,  w i t h  i n t e r p o s e d  c o o l - d o w n  c y c l e s .  

B a s e - l i n e  s c r e e n i n g  t e s t s  w i l l  a l s o  b e  r u n ,  u s i n g  a i r  
i n s t e a d  o f  a n i t r o g e n  b l a n k e t  t o  s i m u l a t e  t h e  c o n d i t i o n s  o f  a 
c o n v e n t i o n a l  e n g i n e  b e a r i n g  l u b r i c a t i o n  s y s t e m .  T h e  l u b r i -  
c a n t  w i l l  b e  t h e  o n e  a l l o w i n g  t h e  maximum b e a r i n g  o p e r a t i n g  
t e m p e r a t u r e  i n  t h e  i n e r t e d  s c r e e n i n g  t e s t s ,  p r o v i d e d  t h a t  i t s  
p r o p e r t i e s  p e r m i t  o p e r a t i o n  i n  a i r ,  T h e  o p e r a t i n g  c o n d i t i o n s  
f o r  t h e s e  u n b l a n k e t e d  t e s t s  w i l l  b e  c h o s e n  s o  a s  t o  a v o i d  ex -  
p l o s i o n  h a z a r d s .  

I n  a d d i t i o n  t o  t h e  b a s e - l i n e  t e s t s ,  o n e  s e l e c t e d  o i l  i n  
e a c h  sys t em w i l l  h a v e  a " F r e o n "  a d d i t i v e  a d d e d  t o  i t  a n d  w i l l  
t h e n  b e  s u b j e c t e d  t o  s c r e e n i n g  t e s t s  u s i n g  a i r  i n s t e a d  o f  
n i t r o g e n  a s  a n  a t m o s p h e r e .  

T h e  f o l l o w i n g  l u b r i c a n t s ,  f i v e  i n  n i i n b e r  f o r  e a c h  l u b -  
r i c a t i o n  t e c h n i q u e ,  h a v e  b e e n  s e l e c t e d :  

K e c i r c u l a t i n g  O i l s  

a )  E s s o  T u r b o  O i l  4040  ( b a s e - l i n e  f l u i d  m e e t i n g  

b )  S i n c l a i r  T u r b o  S O i l ,  T y p e  1 0 4 8 ,  i m p r o v e d  ( e s t e r - b a s e )  
c >  S o c o n y  M o b i l  X R M  1 7 7 F  ( h y d r o c a r b o n )  
d )  M o n s a n t o  MCS-293 ( m o d i f i e d  p o l y p h e n y l  e t h e r )  
e )  D u P o n t  PR-143  ( f l u o r o c a r b o n )  

M I L - L  -7808E) 

O i l  Mist  L u b r i c a n t s  

a )  E s s o  T u r b o  O i l  4040  ( b a s e - l i n e  f l u i d  m e e t i n g  M I L - L -  

b )  U n i o n  C a r b i d e  U C O N  50-HB-5100 ( p o l y a l k y l e n e  g l y c o l )  
c )  S u n  O i l  S u n t h e t i c  18H ( p o l y o l e f i n )  
d )  S o c o n y  M o b i l  X R M  1 7 7 F  ( h y d r o c a r b o n )  
e )  H e r c u l e s  P o w d e r  H e r c o l u b e  F ( p o l y e s t e r )  

7808E) 
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B r i e f  D e s c r i D t i o n  o f  T e s t  E q u i p m e n t  a n d  C o n d i t i o n s  

T h e  t e s t  a p p a r a t u s  i s  c a p a b l e  o f  o p e r a t i n g  a n  a i r c r a f t  
m a i n s h a f t  b a l l  b e a r i n g  a n d  f a c e  s e a l  a s s e m b l y  w i t h  t h e  c a n -  
d i d a t e  l u b r i c a n t s  u n d e r  t h e  f o l l o w i n g  i n i t i a l  c o n d i t i o n s :  

O i l - i n l e t  t e m p e r a t u r e ,  5 0 0 0 F *  2 1 0 ° F  

B e a r i n g  o u t e r - r i n g  t e m p e r a t u r e ,  6 0 0 ° F  

B e a r i n g  i n n e r - r i n g  t e m p e r a t u r e ,  6 1 0 ° F  t o  6 5 0 ° F  

B e a r i n g  t h r u s t  l o a d ,  3280 l b s .  

Air t e m p e r a t u r e  a t  t h e  o u t b o a r d  s e a l ,  1 2 0 0 O F  

P r e s s u r e  d r o p  a c r o s s  t h e  t e s t  s e a l  a s s e m b l y  100 p s i  

S h a f t  s p e e d ,  1 4 , 0 0 0  rpm 

I f  s a t i s f a c t o r y  p e r f o r m a n c e  i s  o b t a i n e d  u n d e r  t h e  a b o v e  
c o n d i t i o n s  w i t h  a n y  g i v e n  l u b r i c a n t ,  t h e  b e a r i n g  t e m p e r a t u r e s  
w i l l  b e  i n c r e a s e d  i n  lOOOF i n c r e m e n t s  t o  e s t a b l i s h  t h e  m a x i -  
m u m  t e m p e r a t u r e  u n d e r  w h i c h  t h e  b e a r i n g - s e a ? - ? u b r i c a n i  c o m -  
b i n a t i o n  w i l l  o p e r a t e  a d e a u a t e l v .  

T h e s e  c o n d i t i o n s  a r e  e x p e c t e d  t o  o c c u r  i n  t h e  g a s  t u r b i n e  
p o w e r p l a n t s  o f  a d v a n c e d  s u p e r s o n i c  t r a n s p o r t  a i r c r a f t .  T h e  
g e n e r a l  p l a n  o f  t h e  t e s t  a p p a r a t u s  d e s i g n e d  t o  p r o v i d e  t h e s e  
s i m u l a t e d  e n g i n e  c o n d i t i o n s  i s  shown  s c h e m a t i c a l l y  i n  E n c l o s u r e  
2 .  T h e  b e a r i n g - s e a l  c o m b i n a t i o n  u n d e r  t e s t  i s  m o u n t e d  i n  a 
t e s t  r i g  w h i c h  i s  s u p p l i e d  b y  s e v e r a l  f l u i d  sys t ems  t o  g i v e  
t h e  r e q u i r e d  s i m u l a t i o n  o f  e n v i r o n m e n t a l  c o n d i t i o n s .  

R e f e r r i n g  t o  E n c l o s u r e  2 ,  t h e  p r i n c i p a l  s y s t e m s  a r e :  

a )  A h i g h - s p e e d  d r i v e .  

b )  L u b r i c a t i o n  s y s t e m s  f o r  s i m u l a t i o n  o f  e i t h e r  a 
r e c i r c u l a t i n g  o i l  a r r a n g e m e n t  o r  a " o n c e - t h r o u g h "  
o i l - m i s t  s y s t e m .  

* T h i s  t e m p e r a t u r e  i s  s p e c i f i e d  f o r  t h e  r e c i r c u l a t i n g  o i l  r i g .  
F o r  t h e  o i l - m i s t  r i g ,  t h e  l u b r i c a n t  s h a l l  b e  s u p p l i e d  f r o m  a 
p r e s s u r i z e d  r e s e r v o i r  a t  a t e m p e r a t u r e  o f  2 0 0 ° F ,  min imum.  
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c )  N i t r o g e n  b l a n k e t i n g .  

d )  A n i t r o g e n - t r a c e r  s y s t e m  f o r  d e t e c t i n g  t h e  a m o u n t  
o f  l e a k a g e  i n  e a c h  s e a l .  

e )  A h o t - a i r  s u p p l y  t o  s i m u l a t e  t h e  g a s e s  t o  b e  
s e a l e d  o u t  o f  t h e  t e s t  b e a r i n g  c h a m b e r .  

f )  I n s t r u m e n t a t i o n  f o r  m o n i t o r i n g  o f  t e s t  p a r a m e t e r s  
( n o t  shown i n  E n c l o s u r e  2 ) .  

M o r e  d e t a i l e d  d i s c u s s i o n s  o f  t h e  t e s t  a p p a r a t u s  a n d  
f a c i l i t i e s  p r o v i d e d  a r e  p r e s e n t e d  i n  t h e  F i r s t  S e m i a n n u a l  
R e p o r t  ( l ) * .  

As shown i n  E n c l o s u r e  3 ,  e a c h  r i g ,  t o g e t h e r  w i t h  i t s  
a s s o c i a t e d  e q u i p m e n t ,  i s  i n s t a l l e d  i n  a 2 0 '  by  1 5 '  t e s t  c e l l .  
A n  a i r  c o m p r e s s o r  a n d  i t s  f i l t r a t i o n  s y s t e m  a n d  r e s e r v o i r ,  
a n d  a l s o  a b a n k  o f  h e l i u m  b o t t l e s  t o g e t h e r  w i t h  t h e  t r a c e r  
m i x i n g  s y s t e m  a r e  i n s t a l l e d  i n  a s e p a r a t e  s e r v i c e  c e l l .  E a c h  
t e s t  c e l l  i s  e q u i p p e d  w i t h  h e a v y - d u t y  v e n t i l a t i o n  s y s t e m s  t o  
m i n i m i z e  t h e  r i s k  o f  f l a m m a b l e  v a p o r s  c o l l e c t i n g  a n d  a l s o  t o  
k e e p  t h e  c e l l  a i r  t e m p e r a t u r e  a s  l o w  a s  p o s s i b l e  d u r i n g  r i g  
o p e r a t i o n .  

- l h e  i n s t r u m e n t a t i o n  a n d  c o n t r o l  ~ a n e l s  f n r  ~ a r h  .J - - -  - - -  
~. - 2 .  

u r b u a L ~ ~  1 1 1    ne c o n t r o l  c o r r i d o r  g r o u p e d  a b o u t  a r e i n f o r c e d  
g l a s s  w i n d o w .  F u r t h e r  c o n t r o l  a p p a r a t u s  f o r  t h e  m o t o r  a n d  
a i r  h e a t e r  a r e  s i t u a t e d  a g a i n s t  t h e  o t h e r  c o r r i d o r  w a l l ,  a s  
i s  a m a s s  s p e c t r o m e t e r  f o r  a n a l y s i s  o f  h e l i u m  t r a c e r  a n d  o i l  
d e g r a d a t i o n  p r o d u c t s .  

I n s t a l l a t i o n  a n d  C h e c k - O u t  o f  T e s t  E q u i p m e n t  

T h e  e q u i p m e n t  d e s c r i b e d  a b o v e  h a s  b e e n  i n s t a l l e d  a n d  
c h e c k e d  o u t  f o r  s a t i s f a c t o r y  f u n c t i o n  w i t h  a f e w  e x c e p t i o n s ,  
w h i c h  w i l l  now b e  d i s c u s s e d  i n d i v i d u a l l y .  

- T e s t  R i g s  

U p - t o - d a t e  a s s e m b l y  d r a w i n g s  o f  t h e  t e s t  r i g s  a r e  shown  
i n  E n c l o s u r e s  4 a n d  5 ,  w h i c h  i l l u s t r a t e  t h e  two m o d e s  o f  
o p e r a t i n g  u s e d ,  t o  b e  d e s c r i b e d  l a t e r .  P h o t o g r a p h s  o f  t h e  
r e c i r c u l a t i n g  r i g  a r e  shown  i n  E n c l o s u r e s  6 a n d  7 .  

~ 

* N u m b e r s  i n  p a r e n t h e s e s  r e f e r  t o  R e f e r e n c e s  a t  t h e  e n d  o f  t h i s  
r e p o r t .  

-7 -  



A p a r t  f r o m  t h e  d i f f e r e n c e s  i n  t h e  d e s i g n  o f  t h e  l u b r i -  
c a n t  n o z z l e  r i n g s ,  t h e  two  t e s t  r i g s  a r e  i d e n t i c a l ,  a n d  t h e  
c o m p o n e n t s  i n t e r c h a n g e a b l e .  D u r i n g  t h e  d e v e l o p m e n t  o r  d e -  
b u g g i n g  p e r i o d  m o d i f i c a t i o n s  f o u n d  n e c e s s a r y  o n  t h e  o n e  were 
a u t o m a t i c a l l y  c a r r i e d  o u t  o n  t h e  o t h e r  a s  s o o n  a s  t h e  m o d i -  
f i c a t i o n  w a s  p r o v e n  e f f e c t i v e .  O n l y  t h o s e  m o d i f i c a t i o n s  
r e q u i r i n g  s i g n i f i c a n t  r e w o r k  o f  t e s t  r i g  c o m p o n e n t s  w i l l  
b e  d e s c r i b e d .  

E a r l y  a t t e m p t s  t o  r u n  t h e  t e s t  r i g s ,  w i t h  p r o v i s i o n a l  
t e s t  b e a r i n g s  h a v i n g  g r o u n d  and  p o l i s h e d  M-50 r i n g s ,  5 2 1 0 0  
b a l l s  a n d  s i l v e r  p l a t e d  s i l i c o n - i r o n - b r o n z e  c a g e s ,  r e v e a l e d  
t h a t  a d e q u a t e  c o o l i n g  o f  t h e  l o a d  b e a r i n g  i n n e r  r i n g s  c o u l d  
n o t  b e  a c h i e v e d .  I n c r e a s i n g  the l u b r i c a n t  s u p p l y  r a t e  t e n d e d  
t o  a g g r a v a t e  t h e  s i t u a t i o n  a n d  a n u m b e r  o f  b e a r i n g  s e i z u r e s ,  
d u e  t o  t h e  t h e r m a l  t a k e - u p  o f  a l l  i n t e r n a l  c l e a r a n c e ,  were 
e x p e r i e n c e d .  An u n d e r - r a c e  c o o l i n g  s y s t e m  f o r  t h e  l o a d  b e a r -  
i n g  i n n e r  r i n g s  w a s  d e s i g n e d  and  c o n s t r u c t e d .  D u e  t o  t h e  
c o m p a r a t i v e l y  s m a l l  a m o u n t  o f  a x i a l  s p a c e ,  t h e  d e s i g n  h a d  t o  
b e  c o m p a c t e d  a s  much a s  p o s s i b l e ,  t h e  f i n a l  f o r m  b e i n g  shown  
i n  E n c l o s u r e  4. W h i l e  t h i s  e x p e d i e n t  e l i m i n a t e d  t h e  t h e r m a l  
b e a r i n g  s e i z u r e s  s a t i s f a c t o r i l y ,  i t  was  f o u n d  t h a t  t h e  a m o u n t  
o f  l u b r i c a n t  t h a t  c o u l d  b e  s u p p l i e d  t o  t h e  l o a d  b e a r i ~ g  u n i t  
w a s  l i m i t e d ,  d u e  t o  t h e  t e n d e n c v  f o r  s n i l l n n p  + n  n p ~ l l r  f - r r -  
t n e  f o r e s h o r t e n e d  c o l l e c t o r  c u p .  As a c o n s e q u e n c e  t h e  l o a d  
b e a r i n g  a s  a w h o l e  h a s  b e e n  f u n c t i o n i n g  a t  t e m p e r a t u r e s  i n  
t h e  r e g i o n  o f  3 0 0 0 F ,  w h i c h  i s  a p p r o a c h i n g  t h e  l i m i t i n g  t e m p -  
e r a t u r e  o f  t h e  u n b l a n k e t e d  m i n e r a l  o i l  s u p p l y .  F o r  t h i s  
r e a s o n ,  i f  t h e  l o a d  b e a r i n g  i s  r e q u i r e d  i n  f u t u r e  t e s t i n g  
( t o  b e  d i s c u s s e d  l a t e r  i n  t h i s  r e p o r t ) ,  M I L - L - 7 8 0 8  o i l  h a v i n g  
h i g h e r  t e m p e r a t u r e  c a p a b i l i t y  t h a n  m i n e r a l  o i l  w i l l  b e  u s e d .  
H o w e v e r ,  i t  i s  now t h o u g h t  t h a t  n o  l o a d  b e a r i n g  w i l l  b e  u s e d  
a t  a l l ,  a s  d e s c r i b e d  b e l o w .  

T h e  r u n n e r  f o r  t h e  r i g  s e a l ,  l o c a t e d  b e t w e e n  a s h o u l d e r  
o n  t h e  s h a f t  a n d  a n  a n n u l a r  l i p  o n  t h e  l o a d  b e a r i n g  m o u n t ,  
s h o w e d  e v i d e n c e  o f  f a i l u r e  t o  r o t a t e  w i t h  t h e  s h a f t ,  a n d  
c o n s e q u e n t l y  a c e r t a i n  a m o u n t  o f  h e a t i n g  a n d  s u r f a c e  d a m a g e  
o c c u r r e d  i n  t h e  e a r l y  r u n n i n g .  T h i s  p r o b l e m  w a s  e l i m i n a t e d  
b y  f i t t i n g  o f  a s u i t a b l e  O - r i n g  between t h e  o u t e r  l i p  a n d  t h e  
r e t a i n e r  r i n g  on  t h e  l o a d  b e a r i n g  m o u n t .  A s p e c i a l  c l a m p i n g  
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s l e e v e  a n d  p o s i t i v e  k e y i n g  o f  t h e  r u n n e r  w i l l  b e  p r o v i d e d  
f o r  h i g h  t e m p e r a t u r e  r u n n i n g .  D u r i n g  f u r t h e r  r u n s ,  s u r f a c e  
d i s c o l o r a t i o n  on  t h e  r u n n e r ,  t o g e t h e r  w i t h  a h a r d  b l a c k  
" c o k e "  f r o m  t h e r m a l  d e g r a d a t i o n  o f  t h e  m i n e r a l  o i l  t h e n  
b e i n g  u s e d ,  i n d i c a t e d  t h e  e x i s t e n c e  o f  t e m p e r a t u r e s  i n  t h e  
r e g i o n  o f  600°F  o r  m o r e .  C o n s u l t a t i o n  w i t h  K o p p e r s  C o m p a n y ,  
I n c . ,  t h e  r i g  s e a l  m a n u f a c t u r e r s ,  r e v e a l e d  t h a t  t h e  h i g h  
f r i c t i o n a l  h e a t i n g  a t  t h e  s e a l - t o - r u n n e r  c o n t a c t  was  p r o b a b l y  
d u e  t o  t h e  l a c k  o f  a s u i t a b l e  p r e s s u r e  g r a d i e n t  a c r o s s  t h e  
s e a l  dam.  S a t i s f a c t o r y  s e a l  o p e r a t i n g  h a s  b e e n  a c h i e v e d  i n  
s u b s e q u e n t  t e s t i n g  w i t h  a s m a l l  p o s i t i v e  p r e s s u r e  i n  t h e  t e s t  
b e a r i n g  c h a m b e r .  

D u r i n g  a n u m b e r  o f  t h e  e a r l i e r  r i g  r u n s ,  v i b r a t i o n  o f  
t h e  r i g  s e a l  w a s  e x p e r i e n c e d ,  w h i c h  g a v e  r i s e  u n d e r  some 
c o n d i t i o n s  t o  a p i e r c i n g  s q u e a l .  A l a y e r  o f  d a m p i n g  m a t e r i a l ,  
h e l d  o v e r  t h e  o u t s i d e  d i a m e t e r  o f  t h e  s e a l  b e l l o w s  by  a g a r t e r  
s p r i n g ,  e l i m i n a t e d  t h e  p r o b l e m .  R e c e n t l y  h o w e v e r ,  t h e  h e a t  
g e n e r a t e d  b y  t h e  r i g  s e a l  a n d  r o l l e r  b e a r i n g  h a s  c a u s e d  a d e -  
t e r i o r a t i o n  i n  t h e  c o n d i t i o n  o f  t h e  d a m p i n g  m a t e r i a l  a n d  s o  a n  
a l t e r n a t i v e  m a t e r i a l  w i l l  b e  p r o v i d e d .  T h i s  w i l l  c o n s i s t  o f  
a n  a s b e s t o s  s t r a p  s u r r o u n d i n g  t he  o u t e r  s u r f a c e  o f  t h e  b e l l o w s  
a s s e m b l y ,  r e t a i n e d  b y  t h e  g a r t e r  s p r i n g .  

A m e c h a n i c a l  d a m p i n g  a r r a n g e m e n t ,  c o n s i s t i n g  o f  
a c l o s e  f i t t i n g  s l e e v e  o v e r  t h e  s e a l  b e l l o w s  i s  b e i n g  
d e s i g n e d  b y  K o p p e r s  Company ,  a s  a f u r t h e r  b a c k - u p  i f  o i l  
d e g r a d a t i o n  o f  t h e  a s b e s t o s  i s  f o u n d  t o  b e  a p r o b l e m .  

E x p e r i m e n t s  w i t h  t h e  s c r e w  p u m p - l a b y r i n t h  s e a l  d e -  
s i g n e d  t o  r e t a i n  t h e  a i r  i n  t h e  h o t - a i r  s y s t e m  a t  p r e s -  
s u r e s  u p  t o  160 p s i a ,  s h o w e d  t h a t  t h e  d i f f e r e n t i a l  e x p a n -  
s i o n s  o f  t h e  r o t a t i n g  a n d  s t a t i c  c o m p o n e n t s  l e d  t o  a l o s s  
o f  t h e  v e r y  s m a l l  a l l o w a b l e  g a p  ( . O O O S " )  a n d  s e v e r e  w i p i n g  
o f  t h e  s i l v e r  s u r f a c e  o f  t h e  s t a t i c  m e m b e r ,  f o l l o w e d  b y  
s e i z u r e .  T h e  s c r e w  l a b y r i n t h  c o m p o n e n t  w a s  r e p l a c e d  b y  
o n e  w i t h  a n n u l a r  g r o o v e s ,  m a t e d  a g a i n s t  a l e a d e d  s t a t o r  
s u r f a c e ,  u s e d  i n  c o l d  r u n n i n g  t o  t e s t  t h i s  l a b y r i n t h  s e a l  
d e s i g n .  T h e  d i f f e r e n t i a l  e x p a n s i o n  t h e n  r e s u l t e d  i n  g r o o v e s  
b e i n g  f o r m e d  i n  t h e  l e a d  a t  t h e  p o i n t s  o f  c o n t a c t ,  a n d  
s a t i s f a c t o r y  o p e r a t i n g  w a s  a c h i e v e d  a t  a i r  t e m p e r a t u r e s  o f  
u p  t o  4000F, when  t h e  m e l t i n g  p o i n t  o f  t h e  l e a d  w a s  a p p r o a c h e d .  
S t a t o r  r i n g s  h a v i n g  a s u i t a b l y  i n c r e a s e d  t h i c k n e s s  o f  s i l v e r  
l a y e r  a r e  b e i n g  p r o c u r e d  f o r  o p e r a t i n g  o f  t h i s  l a b y r i n t h  s e a l  
a t  t h e  d e s i g n  t e m p e r a t u r e .  
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T h e  p r o b l e m  o f  t h e  l e a k a g e  o f  h o t  a i r  t h r o u g h  t h e  
l a b y r i n t h  s e a l  h a s  now b e e n  s o l v e d  b y  r e m o v i n g  t h e  i n t e r n a l  
s h a f t  h e a t e r s  a n d  c l o s i n g  u p  t h e  b r e a t h i n g  h o l e s  i n  t h e  
h e a t e r  m o u n t i n g  p l a t e  ( I t e m  17  o f  E n c l o s u r e  4 ) .  T h i s  r e -  
s u l t s  i n  a b u i l d  u p  o f  a i r  p r e s s u r e  i n s i d e  t h e  h o l l o w  s h a f t  
a n d  c a u s e s  a n e t  t h r u s t  on  t h e  s h a f t  i n  a d i r e c t i o n  o p p o s i t e  
t o  t h a t  i m p o s e d  o n  t h e  t e s t  b e a r i n g  b y  t h e  o r i g i n a l  l o a d i n g  
s y s t e m .  C a l c u l a t i o n s ,  d e t a i l e d  i n  A p p e n d i x  11, r e v e a l  t h a t  
t h e  3280 l b s .  t h r u s t  c a r r i e d  by t h e  t e s t  b e a r i n g  i s  e x a c t l y  
c o u n t e r b a l a n c e d  b y  t h e  a i r  p r e s s u r e  r e a c t i o n  t h r u s t  a t  a 
p r e s s u r e  t h a t  l i e s  c o n v e n i e n t l y  b e t w e e n  t h e  maximum a n d  
m i n i m u m  p r e s s u r e s  a l l o w a b l e  i n  t h e  h o t - a i r  c h a m b e r .  T h i s  
e x t r a  t h r u s t  w o u l d  r e q u i r e  a p p r o x i m a t e l y  6500 l b s .  t h r u s t  
l o a d  t o  b e  t r a n s m i t t e d  t h r o u g h  t h e  l o a d  b e a r i n g ,  i f  t h e  
o r i g i n a l  s y s t e m  were t o  b e  r e t a i n e d .  T h i s  f i g u r e  i s  c l e a r l y  
t o o  g r e a t  f o r  t h e  b e a r i n g  u n d e r  t h e  s p e e d  c o n d i t i o n s  a n d  s o  
t h e  o b v i o u s  a l t e r n a t i v e  w a s  c h o s e n ;  n a m e l y ,  t o  e l i m i n a t e  t h e  
l o a d  b e a r i n g  a n d  l o a d  c y l i n d e r s  o f  t h e  o r i g i n a l  l o a d i n g  
s y s t e m ,  a s  shown  i n  E n c l o s u r e  5 .  T h e  s e l e c t i o n  o f  a p a r t i c u -  
l a r  h o t  a i r  m a n i f o l d  p r e s s u r e  i n  t h e  r e g i o n  o f  106 p s i ,  p e r -  
m i t s  t h e  t e s t  r e q u i r e m e n t s  o f  100 p s i  d i f f e r e n t i a l  p r e s s u r e  
a c r o s s  t h e  s e a l  a n d  a s m a l l  p o s i t i v e  p r e s s u r e  i n  t h e  b e a r i n g  
c h a m b e r ,  t o  b e  s a t i s f i e d ,  w h i l e  t h e  t e s t  b e z r i n g  s t i l l  
c a r r i e s  t h e  r e q u i r e d  t h r u s t .  b u t  i n  a r e v P r c 0  , - i i rn, -+;nn + -  - -  
t n a t  o r i q i n a l l v  a p p l i e d  hy t h e  1e?c! heori::;. s j rs teul .  I I I ~  n e w  
s y s t e m  i s  c a l i b r a t e d ,  a s  t h e  o r i g i n a l  s y s t e m  w a s ,  b y  t h e  u s e  
o f  a s t r a i n  g a g e d  h o u s i n g  m o u n t  f o r  t h e  t e s t  b e a r i n g .  

m. 

A p p r o v a l  h a s  now b e e n  o b t a i n e d  f r o m  t h e  N A S A  P r o j e c t  
M a n a g e r  t o  u s e  t h i s  n e w  p n e u m a t i c  l o a d i n g  s y s t e m .  T h e  en- 
t i r e  o r i g i n a l  l o a d i n g  s y s t e m ,  c o m p r i s i n g  t h e  l o a d  b e a r i n g  a n d  
h o u s i n g ,  t h e  t h r e e  p n e u m a t i c  c y l i n d e r s  a n d  t h e i r  l o a d  c e l l s ,  
h a v e  t h e r e f o r e  b e e n  d i s p e n s e d  w i t h .  Removed a l s o  a r e  t h e  
p r o b l e m s  o f  l o a d  b e a r i n g  l u b r i c a t i o n  a n d  c o o l i n g  a n d  a l s o  t h e  
p r o b l e m  o f  t h e  o v e r h e a t i n g  r i g  s e a l  r u n n e r ,  f o r  t h e r e  i s  i m -  
m e d i a t e l y  r o o m  a v a i l a b l e  f o r  a m p l e  a i r  c o o l i n g .  T h e  c h a n g e  
i n  t h e  t h r u s t  d i r e c t i o n  a l t e r s  t h e  s t r e s s e s  i n  t h e  t e s t  r i g  
c o m p o n e n t s  a n d  t h e  b o l t s  a t  t h e  h o t  a i r  e n d  o f  t h e  r i g .  A 
r e v i e w  o f  t h e  s t r e s s  c a l c u l a t i o n s  r e v e a l e d  t h a t  n o  p a r t s  w o u l d  
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b e  o v e r s t r e s s e d ,  p r o v i d e d  t h e  h e a t e r  m o u n t i n g  p l a t e  ( p a r t  1 7 )  
w a s  t h i c k e n e d  f o r  h i g h - t e m p e r a t u r e  o p e r a t i o n ,  a n d  t h e  n u m b e r  
o f  s t a i n l e s s  s t e e l  m o u n t i n g  b o l t s  i n c r e a s e d  t o  5 4 .  P r e l i m i n -  
a r y  t e s t s  c a r r i e d  o u t ,  w i t h  no  h e a t  a d d e d ,  w i t h  t h e  t e s t  r i g  
m o d i f i e d  a s  i n d i c a t e d  on  t h e  p r e v i o u s  p a g e ,  ( E n c l o s u r e  5 )  
s h o w e d  t h a t  t h e  m e t h o d  w a s  s a t i s f a c t o r y ,  a n d  t h a t  t h e  e x i s t i n g  
c o n t r o l  e q u i p m e n t  c o u l d  m a i n t a i n  s u f f i c i e n t l y  a c c u r a t e  p r e s -  
s u r e s  o v e r  a r a n g e  o f  f l o w  c o n d i t i o n s  t o  p e r m i t  m a i n t e n a n c e  
o f  a s t e a d y  t h r u s t  l o a d  o n  t h e  t e s t  b e a r i n g .  

An a d d i t i o n a l  p n e u m a t i c  c i r c u i t  h a s  b e e n  c o n c e i v e d ,  
shown  i n  E n c l o s u r e  8 ,  w h i c h  e i t h e r  a d m i t s  c o l d  h i g h - p r e s s u r e  
a i r  o r  p e r m i t s  t h e  l e a k a g e  o f  e x h a u s t  h o t  a i r  f r o m  a t u b e ,  
s i m i l a r  i n  l e n g t h  t o  t h a t  shown i n  t h e  o r i g i n a l  d e s i g n  c a r r y -  
i n g  t h e  s h a f t  h e a t e r s .  By t h e  u s e  o f  t h i s  c i r c u i t ,  some d e -  
g r e e  o f  e i t h e r  h e a t i n g  or c o o l i n g  o f  t h e  t e s t  s h a f t  may b e  
a c h i e v e d  i n  t h e  r e g i o n  o f  t h e  t e s t  b e a r i n g  i n n e r  r i n g s ,  i n  
a m a n n e r  w h i c h  i s  e a s i e r  w i t h  t h e  n e w  l o a d i n g  d e s i g n  t h a n  b y  
t h e  u s e  o f  t h e  b a n k s  o f  e l e c t r i c a l  h e a t e r s  i n s i d e  t h e  s h a f t ,  
shown  i n  E n c l o s u r e  4 ,  f r o m  w h i c h  e l e c t r i c a l  l e a d s  t h r o u g h  a 
h o t  p r e s s u r e  w a l l  w o u l d  b e  n e e d e d .  

D r i v e  S y s t e m s  

E a c h  t e s t  r i g  i s  d r i v e n  bv  a v a r i a b l e  s p e e d  n C  m c ? t n y  

v i a  a j a c k s h a f t  a s s e m b l y .  A 7 5  HP m o t o r  p o w e r e d  b y  a s i l i c o n  
c o n t r o l l e d  r e c t i f i e r  a r r a n g e m e n t ,  i s  f i t t e d  f o r  t h e  r e c i r c u -  
l a t i n g  o i l  r i g ,  a n d  a c o n v e n t i o n a l  50 HP m o t o r  s u p p l i e d  by a 
m o t o r - g e n e r a t o r  s y s t e m ,  d r i v e s  t h e  o i l - m i s t  r i g .  

Upon t h e  i n s t a l l a t i o n  a n d  i n i t i a l  o p e r a t i o n  o f  t h e  75  HP 
m o t o r ,  t h e  c o n t r o l  sys tem h u n t e d  s e v e r e l y  o v e r  w i d e  r a n g e s  o f  
s p e e d ,  m a n i f e s t i n g  i t s e l f  a s  v i o l e n t  f l u c t u a t i o n s  i n  t h e  
a r m a t u r e  c u r r e n t  c o n s u m p t i o n  and i n  t h e  t o r q u e  o u t p u t .  Ad- 
j u s t m e n t s  made  t o  t h e  c o n t r o l l e r  b y  t h e  m a n u f a c t u r e r s ,  L o u i s -  
A l l i s  C o m p a n y ,  I n c .  h a v e  s u c c e e d e d  i n  m i n i m i z i n g  t h e  e f f e c t  
i n  t h e  l o w  a n d  h i g h  s p e e d  r a n g e s ,  b u t  h a v e  n o t  b e e n  a b l e  t o  
e l i m i n a t e  i t  o v e r  t h e  e n t i r e  s p e e d  a n d  p o w e r  r a n g e  o f  t h e  m o t o r .  
P r o v i d e d  c a r e  i s  u s e d  i n  a c c e l e r a t i n g  t h r o u g h  t h e  c r i t i c a l  
r e g i o n ,  n o  p r o b l e m s  h a v e  s o  f a r  a r i s e n  d u e  t o  t h e  p h e n o m e n o n .  . 
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T r o u b l e  h a s  b e e n  r e p e a t e d l y  e x p e r i e n c e d  w i t h  t h e  s t e p -  
u p  f l a t - b e l t  d r i v e  b e t w e e n  t h e  m o t o r  a n d  j a c k s h a f t ,  d u e  t o  
b e l t  s l i p p a g e ,  t h e  b e l t  c o m i n g  o f f  t h e  s m a l l  p u l l e y  a n d  t h e  b e l t  
s h r e d d i n g .  T h e  d i f f i c u l t y  h a s  b e e n  m i n i m i z e d  b y  i n c r e a s i n y  
t h e  c r o w n  s l i g h t l y ,  a n d  r e m o v i n g  t h e  g u i d e  f l a n g e s  t o  g i v e  
a n  i n c r e a s e d  e f f e c t i v e  f a c e  w i d t h  t o  t h e  s m a l l  j a c k s h a f t  
p u l l e y .  N e w  p u l l e y s ,  a s  w i d e  a s  c a n  b e  p l a c e d  b e t w e e n  t h e  
j a c k s h a f t  b e a r i n g s  a r e  b e i n g  o b t a i n e d  t o  e l i m i n a t e  t h e  p r e s e n t  
t e n d e n c y  o f  t h e  b e l t  t o  l e a v e  t h e  p u l l e y  a t  h i g h  s p e e d s  a n d  
t o r q u e s .  

I n t e r - s e a l  T r a c e r e d  N i t r o g e n  

T h e  a p p a r a t u s  d e s i g n e d  t o  mix a g i v e n  p e r c e n t a g e  o f  
h e l i u m  t r a c e r  w i t h  n i t r o g e n  ( f o r  d e t e c t i o n  o f  l e a k a g e  t h r o u g h  
e a c h  t e s t  s e a l  s e p a r a t e l y )  o v e r  a r a n g e  o f  f l o w s  h a s  b e e n  i n -  
s t a l l e d  a n d  c h e c k e d  f o r  b a s i c  o p e r a t i o n .  No g a s  m i x i n g  h a s  
b e e n  a t t e m p t e d  d u e  t o  t h e  i n o p e r a b i l i t y  o f  t h e  m a s s  s p e c t r o -  
me te r  u n i t  ( t o  b e  d i s c u s s e d  l a t e r  u n d e r  I n s t r u m e n t a t i o n ) .  
R i g  t e s t i n g  t h u s  f a r  h a s  b e e n  c a r r i e d  o u t  w i t h  p u r e  n i t r o g e n ,  
f e d  t o  t h e  i n t e r - s e a l  c a v i t y  t h r o u g h  t h e  n i t r o g e n  s e c t i o n  o f  
t h e  a p p a r a t u s .  

T e s t  O i l  C i r c u l a t i n g  a n d  C o n d i t i o n i n a  Svs tern  ____ 

When i n s t a l l e d ,  t h i s  s y s t e m  w a s  h y d r a u l i c a l l y  s t a t i c  
p r e s s u r e  t e s t e d  t o  1 4 5  p s i g .  P e r s i s t e n t  l e a k s  w e r e  o b s e r v e d  
a t  a l l  f l a n g e  j o i n t s ,  w h i c h  were e v e n t u a l l y  c u r e d  by t h e  u s e  
o f  g a s k e t s  o f  a d i f f e r e n t  c o n s t r u c t i o n ,  b u t  s t i l l  r e s i s t a n t  
t o  t h e  c o r r o s i v e  a t t a c k  o f  t h e  f l u o r o c a r b o n  f l u i d ,  D u P o n t  
PR 1 4 3 .  A f t e r  t h e  s t a t i c  p r e s s u r e  h a d  b e e n  m a i n t a i n e d  f o r  
some  t i m e ,  w a t e r  w e e p i n g  f r o m  t h e  Mone l  p o s i t i v e - d i s p l a c e m e n t  
o i l - c i r c u l a t i n g  pump r e v e a l e d  a f i n e  c r a c k  i n  t h e  b o d y  c a s t -  
i n g .  T h e  pump h a s  b e e n  r e t u r n e d  t o  t h e  m a n u f a c t u r e r s  a n d  a 
s t a i n l e s s  s t e e l  i m p e l l e r - t y p e  pump i n s t a l l e d  a s  a t e m p o r a r y  
r e p l a c e m e n t .  T h i s  pump i s  a d e q u a t e  f o r  a l l  t h e  t e s t  f l u i d s  
e x c e p t  P R  1 4 3 .  D e s p i t e  t h e  d i f f i c u l t i e s  t h a t  h a v e  b e e n  e x -  
p e r i e n c e d  b y  t h e  pump m a n u f a c t u r e r s  i n  s e c u r i n g  a c r a c k - f r e e  
r e p l a c e m e n t  c a s t i n g ,  t h e  pump is now i n  s h i p m e n t  a n d  w i l l  b e  
a v a i l a b l e  f o r  t h e  s c r e e n i n g  t e s t s  o f  PR 1 4 3  f l u i d .  ( D u e  t o  
t h e  l o n g  d e l i v e r y  o n  t h e  D u P o n t  m a t e r i a l ,  t h i s  w i l l  b e  t h e  
l a s t  f l u i d  t o  b e  s c r e e n e d . )  

- 1 2 -  



T h e  o i l - c i r c u l a t i n g  s y s t e m  h a s  f u n c t i o n e d  s a t i s f a c t o r i l y  
a s  d e s i g n e d ;  t h e  f o u r  d i f f e r e n t  o p e r a t i n g  p h a s e s  d e s c r i b e d  i n  
( 1 )  h a v e  b e e n  u s e d  a n d  t h e  c o n t r o l  w a s  s t r a i g h t f o r w a r d .  T h e  
l i q u i d  m e t a l  h e a t i n g  j a c k e t  h a s  a l s o  f u n c t i o n e d  we l l  a n d  
t h e r m o c o u p l e  i n d i c a t i o n s  s h o w  t h a t  t h e  h e a t i n g  i s  v e r y  u n i -  
f o r m  o v e r  t h e  h o t  s u r f a c e s  e x p o s e d  t o  t h e  o i l .  

O i l - m i s t  L u b r i c a t i o n  a n d  G a s  C o o l i n g  S y s t e m  

D e t a i l e d  c o n s i d e r a t i o n s  o f  t h e  g a s  c o n s u m p t i o n  r e q u i r e -  
ments  o f  t h e  o i l - m i s t  t e s t  r i g ,  a n d  t h e  c o s t s  a n d  d e l i v e r y  
t i m e s  a s s o c i a t e d  w i t h  t h e  n i t r o g e n  r e c l a m a t i o n  e q u i p m e n t  
shown  i n  E n c l o s u r e  3 4  o f  t h e  F i r s t  S e m i a n n u a l  R e p o r t  ( 1 1 ,  
h a v e  r e s u l t e d  i n  a r e d e s i g n  o f  t h e  o i l - m i s t  s y s t e m ,  shown 
d i a g r a m m a t i c a l l y  i n  E n c l o s u r e  9 .  A l t h o u g h  t h i s  s y s t e m  em- 
p l o y s  a o n c a - t h r o u g h  g a s  f l o w  c o n c e p t ,  t h e  d e s i g n  i s  s u c h  
t h a t  t h . i  r e t u r n  o r  r e c l a m a t i o n  p a r t  o f  t h e  c i r c u i t  may b e  
a d d e d  a t  a l a t e r  d a t e ,  s h o u l d  t h e  c o n s u m p t i o n  o f  n i t r o g e n  
p r o v e  p r o h i b i t i v e .  

A f t e r  t h e  t o t a l  g a s  f l o w  i s  m e a s u r e d  b y  t h e  t r a n s -  
m i t t i n g  f l o w m e t e r  ( #  4 o f  E n c l o s u r e  9 1 ,  i t  i s  d i v i d e d  t h r e e  
w a y s ;  t o  f e e d  t h e  l a r g e  o i l - m i s t  g e n e r a t o r  f o r  t h e  t e s t  
L c ; a r i ~ y ,  ~ i i e  ~ i a n ~ e t - c o o l i n g  f l o w  f o r  t h e  t e s t  h e i r i n : ,  2nd 
a c o m b i n e d  m i s t  a n d  c o o l i n g  f l o w  t h r o u g h  a s m a l l  m i s t  g e n e r a -  
t o r  f o r  t h e  r o l l e r  b e a r i n g ,  T h e  g a s  f l o w  t o  t h e  o i l - m i s t  
g e n e r a t o r  f o r  t h e  r o l l e r  b e a r i n g  i s  p r e s e t  a t  a d e s i r e d  l e v e l  
a n d  m a i n t a i n e d  b y  t h e  s e t t i n g  v a l v e ,  w h e r e a s  t h e  o t h e r  two  
much l a r g e r  f l o w s  may b e  v a r i e d  t o  s u i t  t h e  r e q u i r e m e n t s  o f  
t h e  b e a r i n g  u n d e r  t e s t .  T h e  a c t u a l  f l o w  r a t e s  i n  e a c h  o f  t h e  
c h a n n e l s  may  b e  o b t a i n e d  f r o m  t h e  IBM c o m p u t e r  r e c o r d ,  
d e s c r i b e d  i n  t h e  F i r s t  S e m i a n n u a l  R e p o r t  ( 1 ) .  

T h e  m i s t  g e n e r a t o r  f o r  t h e  t e s t  b e a r i n g  h a s  b e e n  
s u p p l i e d  by  A l e m i t e  I n c .  a n d  i s  c o m p o s e d  o f  a c o m m e r c i a l  
two  c h o k e  a t o m i z i n g  h e a d  m o u n t e d  i n  a h e a v i l y  c o n s t r u c t e d ,  
t h r e e  g a l l o n  c a p a c i t y ,  s t e e l  t a n k  r e a d i l y  c a p a b l e  o f  w i t h -  
s t a n d i n g  a maximum o p e r a t i n g  p r e s s u r e  o f  80 p s i g  a t  t h e  l o w  , 

o i l  t e m p e r a t u r e s  o f  2 0 0 0 F  s t i p u l a t e d  f o r  t h e  o i l - m i s t  t e s t s .  
A n  o i l  g a g e ,  i n  t h e  f o r m  o f  a s i g h t  g l a s s ,  i s  f i t t e d  t o  t h e  
t a n k ,  a n d  d u e  t o  t h e  ex t remely  l o w  r a t e s  o f  o i l  c o n s u m p t i o n ,  
a c c u r a t e  r e a d i n g s  c a n  b e s t  b e  a c h i e v e d  b y  n o t i n g  t he  a m o u n t  
o f  o i l  r e q u i r e d  t o  r e f i l l  t h e  t a n k  t o  t h e  i n i t i a l  m a r k ,  F o u r  
s t r a p  h e a t e r s  s u p p l i e d  f r o m  a v a r i a b l e  v o l t a g e  AC s o u r c e  a n d  
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a t t a c h e d  t o  t h e  o u t s i d e  c y l i n d r i c a l  s u r f a c e  o f  t h e  t a n k ,  
p r o v i d e  t h e  s p e c i f i e d  t e m p e r a t u r e  o f  200OF. I n d i c a t i o n s  
a r e  t h a t  two  o f  t h e  m i s t  t e s t  o i l s  w i l l  r e q u i r e  h i g h e r  
t a n k  t e m p e r a t u r e s  i n  t h e  r e g i o n  o f  300-350°F ,  d u e  t o  t h e i r  
h i g h  v i s c o s i t i e s  a t  l o w  t e m p e r a t u r e s .  S i m p l e  e l e c t r i c a l  
h e a t i n g  t a p e  w i l l  b e  u s e d  f o r  t h 2  r o l l e r  m i s t  g e n e r a t o r  
r e s e r v o i r .  

S t u d y  o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  o i l - m i s t  g e n e r a t o r  
a t  r o o m  t e m p e r a t u r e ,  w i t h  E s s o  T u r b o  4040 o i l  h a s  s h o w n  t h a t  
o i l  may b e  t r a n s f e r r e d  t o  t h e  t e s t  b e a r i n g  a t  r a t e s  up  t o  
0.0185 l b / m i n ,  a n d  t h a t  a f l o w  r e d u c t i o n  r a t i o  o f  1 O : l  may b e  
a c h i e v e d .  T h i s  r e d u c t i o n  i s  a c c o m p l i s h e d  b y  r e d u c i n g  t h e  
t h r o u g h - p u t  o f  n i t r o g e n  a n d  b y  r e s t r i c t i n g  t h e  o i l  f l o w  t o  
t h e  c h o k e  b y  a n e e d l e  v a l v e .  Care m u s t  b e  e x e r c i s e d  n o t  t o  
a t t e m p t  f l o w  r a t e  r e d u c t i o n  b e l o w  t h e  minimum o f  t h e  a v a i l -  
a b l e  r a n g e ,  d u e  t o  a s h a r p  c u t - o f f ,  w h e r e b y  no o i l  i s  d e -  
l i v e r e d  t o  t h e  t e s t  b e a r i n g ,  e v e n  t h o u g h  a s u b s t a n t i a l  q u a n -  
t i t y  o f  g a s  i s  p a s s e d  t h r o u g h  the  g e n e r a t o r .  T h i s  c u t - o f f  
p o i n t  seems t o  b e  h i g h l y  d e p e n d e n t  o n  t h e  d o w n - s t r e a m  p r e s -  
s u r e s  a n d  a l m o s t  c e r t a i n l y  on  the d e n s i t y  o f  t h e  o i l  b e i n g  
m i s t e d ,  a n d  t h e r e f o r e  w i l l  b e  c a r e f u l l y  d e f i n e d  w i t h  e a c h  

-. 
n n r . ,  l I L w  - <  1 b e f o r e  s i a r t i n y  t h e  s c r e e n i n g  t e s t s .  l h e  f l o w  
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T u r b o  Cjii LiULiUj, w i t n  o n e  a n d  w i t h  b o t h  o i l  v a l v e s  
f u l l y  o p e n  a r e  shown i n  E n c l o s u r e  10.  T h e  d a s h e d  p o r t i o n s  
o f  t h e  c u r v e s  i n d i c a t e  t h e  c u t - o f f .  

T h e  mist  g e n e r a t o r  f o r  t h e  r o l l e r  b e a r i n g  i s  a s m a l l  
N o r g r e n  u n i t  f i t t e d  i n t o  t h e  p i p e  s u p p l y i n g  c o o l i n g  g a s  t o  
t h e  r o l l e r  b e a r i n g .  I t  i s  e q u i p p e d  w i t h  b o t h  b y - p a s s  a n d  
o i l - f l o w  v a l v e s  t o  p e r m i t  v a r i a t i o n  i n  t h e  m i s t  d e l i v e r y  
t o  t h e  r o l l e r  b e a r i n g .  

T e s t s  w i t h  t h e  o i l - m i s t  r i g  h a v e  shown t h a t  a r e a d i l y  
v i s i b l e  m i s t  i s s u e s  f r o m  t h e  n o z z l e  r i n g s  when t h e  r e c l a s s i -  
f i e r  n o z z l e s  a r e  n o t  f i t t e d .  Wi th  t h e  n o z z l e s  i n  p l a c e ,  r e -  
c l a s s i f i c a t i o n  i s  a c h i e v e d ,  w i t h  o i l  d r o p l e t s  r e a d i l y  w e t t i n g  
o u t  o n  a c o l d  s t a t i o n a r y  b e a r i n g .  D e t a i l s  o f  t h e  a c t u a l  
o p e r a t i o n  o f  t h e  t e s t  r i g  w i t h  t h i s  m e t h o d  o f  l u b r i c a t i o n  i s  
d e s c r i b e d  i n  a l a t e r  s e c t i o n  o f  t h i s  r e p o r t  o n  E x p e r i m e n t a l  
R e s u l t s  ( p a g e s  3 7 - 4 0 ) .  
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I n s t r u m e n t a t i o n  

I T h e  i n s t r u m e n t a t i o n  h a s  been i n s t a l l e d  a s  p l a n n e d  a n d ,  
a f t e r  a f e w  c o r r e c t i o n s  a n d  a l t e r a t i o n s ,  s a t i s f a c t o r y  o p e r a -  

c u s s e d  l a t e r .  T h e  o n l y  d e s i g n  c h a n g e  m a d e  i s  i n  t h e  m e t h o d  
o f  s e n s i n g  t h e  o i l  l e v e l  i n  t h e  r e c i r c u l a t i n g  o i l  t a n k .  T h e  
m e t h o d  now e m p l o y e d  s e n s e s  t h e  d i f f e r e n t i a l  p r e s s u r e  b e t w e e n  
t h e  t o p  a n d  b o t t o m  o f  t h e  o i l  t a n k  a n d  i s  s h o w n  d i a g r a m m a t i c -  
a l l y  i n  E n c l o s u r e  11. N i t r o g e n  f r o m  a p r e s s u r e  r e d u c i n g  v a l v e ,  
i s  p a s s e d  t h r o u g h  a s m a l l  f l o w m e t e r  a n d  i n t o  t h e  b o t t o m  o f  t h e  

p r e s s u r e  e x c e s s  i n  t h i s  p i p e  o v e r  t h a t  i n  t h e  h e a d  o f  t h e  t a n k .  
I T h e  n i t r o g e n  f l o w  f o r c e s  t h e  o i l  o u t  o f  t h e  l o w e r  p i p e  a n d  t h e n  

b u b b l e s  t o  t h e  s u r f a c e .  T h e  e x c e s s  p r e s s u r e  d u e  t o  s u r f a c e  
t e n s i o n  a n d  p i p e  l o s s e s  may b e  z e r o e d  o u t  a n d  t h e n  t h e  g a g e  
r e a d i n g ,  i n  i n c h e s  o f  w a t e r ,  h a s  o n l y  t o  b e  d i v i d e d  b y  t h e  
d e n s i t y  o f  t h e  o i l  i n  u s e  t o  y i e l d  t h e  a c t u a l  h e a d  o f  o i l .  
An a l a r m  l i g h t  d r a w s  t h e  a t t e n t i o n  o f  t h e  o p e r a t o r  when t h e  
o i l  l e v e l  i s  l o w ,  a n d  t h e  a u t o m a t i c  r i g  s h u t d o w n  f u n c t i o n  i s  
e n e r g i z e d  i f  t h e  l e v e l  i s  a l l o w e d  t o  a p p r o a c h  t h e  d a n g e r  l e v e l .  

I t i o n  a c h i e v e d ,  e x c e p t  f o r  t h e  m a s s  s p e c t r o m e t e r ,  t o  b e  d i s -  

l 

, 
I o i l  t a n k ,  a n d  a p a n e l  m o u n t e d  d i f f e r e n t i a l  g a g e  r e a d s  t h e  

~ 

I - i n  s t r u m e n  t C a l i b r a t i o n  
- i n e  p r e s s u r e  t r a n s m i t t e r s  i o r  t n e  t w o  t e s t  r i g s  h a v e  been 

c a l i b r a t e d ,  u s i n g  t h e  a p p a r a t u s  shown i n  E n c l o s u r e  1 2 .  I n  
o r d e r  t o  p r e v e n t  o i l  f r o m  t h e  c e r t i f i e d  d e a d - w e i g h t  t e s t e r  
e n t e r i n g  t h e  t e s t  r i g  p r e s s u r e  t r a n s m i t t e r s ,  a b a c k  p r e s s u r e  
w a s  f e d  t o  b o t h  f r o m  a c o m p r e s s e d  a i r  s o u r c e .  T h e  a i r  p r e s -  
s u r e  w a s  a d j u s t e d  a g a i n s t  t h e  o i l  i n  t h e  d e a d - w e i g h t  t e s t e r  
u n t i l  t h e  b a l a n c e  p i s t o n  f l o a t e d .  R e a d i n g s  o f  t h e  p r e s s u r e  
g a g e  a n d  t h e  c o m p u t e r  r e a d o u t  i n  m i l l i v o l t s  were o b t a i n e d  a t  
e a c h  c a l i b r a t i o n  p o i n t .  T h e  o u t p u t  o f  e a c h  p r e s s u r e  t r a n s -  
m i t t e r  w a s  a d j u s t e d  t o  p r o d u c e  an I B M  r e a d o u t  o f  -10 m V  a t  0 
p s i g  a n d  -50 m V  a t  160 p s i g  o r  7 5  p s i g ,  d e p e n d i n g  o n  t h e  r a n g e  
o f  t h e  p a r t i c u l a r  t r a n s m i t t e r  b e i n g  c a l i b r a t e d .  T h e  p i s t o n  o f  
t h e  d e a d - w e i g h t  t e s t e r  w a s  m a i n t a i n e d  i n  a f l o a t i n g  p o s i t i o n  
a n d  r o t a t e d  b y  h a n d  d u r i n g  t h e  e n t i r e  c a l i b r a t i o n .  
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C a l i b r a t i o n  d a t a  a n d  c u r v e s  f o r  e a c h  p r e s s u r e  t r a n s -  
m i t t e r  a r e  shown  i n  E n c l o s u r e  1 3 - 1 8 .  I t  may b e  s e e n  t h a t  
t h e  l i n e a r i t y  i s  b e t t e r  t h a n  1%. A c c u r a c y  o f  t h e  p r e s s u r e  
g a g e  l o c a t e d  o n  t h e  t e s t  r i g  c o n t r o l  p a n e l  i s  w i t h i n  2% 
e x c e p t  f o r  t h e  g a g e  i n d i c a t i n g  p r e s s u r e  i n  t h e  t e s t  b e a r i n g  
c a v i t y  o f  t h e  r e c i r c u l a t i n g  o i l  r i g ,  w h i c h  h a s  a 6% e r r o r  
a t  25  p s i g .  No h y s t e r e s i s  w a s  o b s e r v e d  i n  a n y  o f  t h e  p r e s -  
s u r e  t r a n s m i t t e r s  c a l i b r a t e d .  T h e  t a s k  o f  c a l i b r a t i n g  t h e  
t e m p e r a t u r e  s e n s i n g  e q u i p m e n t  i s  c u r r e n t l y  i n  p r o g r e s s ,  a n d  
a g a i n  b o t h  t h e  c o m p u t e r  r e c o r d s  a n d  t h e  v i s u a l  r e a d o u t  w i l l  
b e  c a l i b r a t e d ,  T h e  f l o w m e t e r s  were c e r t i f i e d  a c c u r a t e  o n  
d e l i v e r y  t o  1% i n  m o s t  c a s e s  and 2% f o r  n o n - c r i t i c a l  f l o w s ,  
b y  t h e  m a n u f a c t u r e r ,  B r o o k s  I n s t r u m e n t s  C o m p a n y ,  I n c .  
C h e c k s  w i l l  b e  m a d e  t o  v e r i f y  t h a t  t h e  s e t t i n g s  o f  t h e  f l o w -  
m e t e r s  were n o t  d i s t u r b e d  d u r i n g  t h e  i n s t a l l a t i o n  a n d  i n i t i a l  
o p e r a t i o n  o f  t h e  f l u i d  s y s t e m s .  I n  t h e  m e a n t i m e ,  t h e  t e s t  
r i g  i s  b e i n g  o p e r a t e d  o n  t h e  s t r e n g t h  o f  t h e  o r i g i n a l  c a l i b r a -  
t i o n .  F o r  p u r p o s e s  o f  t o r q u e  m e a s u r e m e n t ,  a n  a l u m i n u m  s p o o l ,  
o f  t h e  f o r m  shown  i n  E n c l o s u r e  1 9 ,  i s  i n s e r t e d  a s  t h e  s p a c e r  
e l e m e n t  i n t o  t h e  K o p p e r s  g e a r  c o u p l i n g .  I t  h a s  b e e n  e q u i p p e d  
w i t h  a s t r a i n  9 a g e  b r i d c j e  s e n s i t i v e  i o  i o r s i o i i .  S t a t i c  c a l -  
i h r a t i o n  o f  t h e  f i r s t  s p e o l  s o  e q u i p p e d  h a s  b e e s  p e r f o r m e d  
u s i n n  w p i n h t c  a n d  a 1 p x ~ p 1  n r m  t n  z a n n 1 . r  t n r n r ~ n  w i + h  t h n  C - - n - -  _ _  . _ _ _  

m ~ ~ n t ~ d  i:: i t s  ~ p ~ r z t i ~ ~ ~ :  p ~ ~ i t i ~ ~ .  \ A n c  L c a L  a i i a i L  vvds 
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l o c k e d  a n d  t h e  d r i v e  f l a t  b e l t  r e m o v e d . )  T h e  r e s u l t s  s h o w n  
i n  E n c l o s u r e  20, i n d i c a t e  a g o o d  l i n e a r i t y ,  r e p e a t a b i l i t y  a n d  
a n  a c c u r a c y  w i t h i n  % %  a t  a f u l l  s c a l e  w h i c h  w a s  110% o f  t h e  
maximum s e r v i c e  t o r q u e .  T h e  o u t p u t  s i g i l a l ,  a t  33.8 m V  max- 
imum w a s  s o m e w h a t  l e s s  t h a n  t h e  i d e a l  f o r  p r e s e n t a t i o n  t o  t h e  
I B M  c o m p u t e r ,  b u t  w i t h  t h e  e l i m i n a t i o n  o f  t h e  s t r a i n  g a g e  l o a d  
c e l l s ,  b y  t h e  u s e  o f  a d i r e c t  p n e u m a t i c  l o a d i n g  s y s t e m ,  t h e  D C  
p o w e r  s u p p l y  v o l t a g e  may b e  i n c r e a s e d  f r o m  20 V t o  24  V ,  y i e l d -  
i n g  a maximum b r i d g e  o u t p u t  o f  b e t t e r  t h a n  4 0  m V .  

W h i c h e v e r  l o a d i n g  s y s t e m  i s  e m p l o y e d ,  a n  i n d e p e n d e n t  m e a n s  
o f  c a l i b r a t i n g  t h e  t h r u s t  l o a d  o n  t h e  t e s t  b e a r i n g  i s  n e c e s s a r y .  
T h i s  h a s  b e e n  p r o v i d e d  b y  p r e p a r i n g  a n  e x t r a  f l e x i b l e  h o u s i n g ,  
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w i t h  I - s e c t i o n ,  w h i c h  i s  u s e d  t o  c a r r y  t h e  t e s t  b e a r i n g  
o u t e r  r i n g  i n  t h e  t e s t  r i g .  T h i s  c o m p o n e n t  h a s  b e e n  e q u i p p e d  
w i t h  a n  a s y m m e t r i c a l  s t r a i n  g a g e  b r i d g e ,  s e n s i t i v e  t o  t h r u s t  
l o a d i n g ,  b u t  a l m o s t  c o m p l e t e l y  i n s e n s i t i v e  t o  m i s a l i g n m e n t  
m o m e n t s .  I n i t i a l  s t a t i c  c a l i b r a t i o n  o f  t h e  I - s e c t i o n  h o u s i n g  
( E n c l o s u r e  2 1 )  i n  a c o m p r e s s i o n  t e s t i n g  m a c h i n e  i n d i c a t e d  a n  
o u t p u t  o f  0 . 4  m V ;  p e r  100 l b s .  t h r u s t ,  u s i n g  a 20  V DC i n p u t .  
T h e  o u t p u t  s i g n a l  w a s  l i n e a r  and r e p e a t a b l e  u p  t o  t h e  maximum 
a p p l i e d  t h r u s t  o f  3 ,500  l b s .  T h e  i n s e n s i t i v i t y  t o  b e n d i n g  
w a s  d e m o n s t r a t e d  b y  s u p e r i m p o s i n g  a 50 l b .  l o a d  on 
t h e  e n d  o f  a 20"  l e v e r  a r m ,  on a d i r e c t  t h r u s t  o f  3 ,500  l b s .  
T h e  s t r a i n  g a g e  b r i d g e  o u t p u t  s i g n a l  i n c r e a s e d  o n l y  by t h e  
e x p e c t e d  0 . 2  m V ,  a s s o c i a t e d  w i t h  t h e  i n c r e a s e  t h e  t h r u s t  com- 
p o n e n t .  F a i l u r e  o f  o n e  o f  t h e  s t r a i n  g a g e  e l e m e n t s  h a s  p r e -  
v e n t e d  t h e  u s e  o f  t h i s  c a l i b r a t e d  c o m p o n e n t  a n d  t h e  p a r t  w i l l  
b e  r e g a g e d  a n d  r e - c a l i b r a t e d  b e f o r e  u s e .  

O w i n g  t o  t h e  e l i m i n a t i o n  o f  t h e  l o a d  b e a r i n g  a n d  p n e u m a t i c  
c y l i n d e r s ,  a t  l e a s t  i n  t h e  i m m e d i a t e  f u t u r e ,  c h e c k  c a l i b r a t i o n  
o f  t h e  p r e c i s i o n  r e g u l a t o r s  and t h e  t e n s i l e  l o a d  c e l l s  i s  n o t  
i m m e d i a t e l y  n e c e s s a r y .  

S l i p  R i n g  a n d  C o n n e c t o r  A s s e m b l y  

TO a c h i e v e  r e l i a b l e  m o n i t o r i n n  n f  t h P  t p C +  h n - r : n -  i) :---- - e - - - " -  

r i n g  t e m p e r a t u r e ,  a n d  t h e  t p m n p y g t n y o s  r -  c f  :hc i C s i  b a a i  
r u n n e r s ,  t h r e e  p a i r s  o f  t h e r m o c o u p l e s  h a v e  b e e n  e m b e d d e d  i n  
t h e  t e s t  s h a f t .  So a s  t o  a v o i d  a n y  s p u r i o u s  v o l t a g e s  o r  
c r o s s - t a l k ,  t h e  n e u t r a l  l i n e s ,  C o n s t a n t a n  i n  t h i s  c a s e ,  s h o u l d  
n o t  b e  commoned and  t h u s  t w e l v e  s e p a r a t e  c o n t a c t s  t o  t h e  r o -  
t a t i n g  s h a f t  a r e  r e q u i r e d .  

T o r q u e  i n p u t  t o  t h e  s h a f t  i s  m o n i t o r e d  b y  a s y m m e t r i c a l  
s t r a i n  g a g e  b r i d g e .  F o u r  c o n t a c t s  a r e  r e q u i r e d  t o  s u p p l y  
p o w e r  t o  a n d  t r a n s m i t  t h e  s i g n a l  f r o m  t h i s  b r i d g e  c i r c u i t ,  s o  
t h a t  a t o t a l  o f  1 6  s e p a r a t e  s l i p  r i n g s  a r e  r e q u i r e d .  D u e  t o  
t h e  n e e d  f o r  a c c u r a t e  t e m p e r a t u r e  m o n i t o r i n g  b y  t h e s e  s h a f t  
m o u n t e d  t h e r m o c o u p l e s ,  s p e c i a l  l o w  n o i s e  s l i p  r i n g s  h a v e  b e e n  
s o u g h t  c a p a b l e  o f  c o n t i n u o u s  o p e r a t i o n  a t  1 4 , 0 0 0  r p m .  
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T h e  c h o i c e  f o r  t h i s  s e r v i c e  h a s  b e e n  s l i p  r i n g s  o f  
t h e  m e r c u r y  w e t t e d  t y p e .  A t  t h i s  t i m e ,  a c o m m e r c i a l  8- 
c h a n n e l  u n i t  i s  on  h a n d  a n d  o p e r a b l e ,  b u t  t h i s  w a s  f o u n d  
u n r e l i a b l e  a n d  d i f f i c u l t  t o  m a i n t a i n .  T h e r e f o r e ,  a u n i t  
w a s  d e s i g n e d  a n d  i t s  c o n s t r u c t i o n  w i l l  b e  c o m p l e t e d  w i t h i n  
4-6 w e e k s .  T h e  g e n e r a l  a s s e m b l y  o f  t h i s  1 6 - r i n g  u n i t  i s  
shown  i n  E n c l o s u r e  2 2 .  

T h e  s l i p  r i n g  a s s e m b l y  i s  m o u n t e d  a t  t h e  f r e e  e n d  o f  
t h e  j a c k s h a f t  a n d  i s  d r i v e n  f r o m  i t .  A t a c h o m e t e r  i s ,  i n  
t u r n ,  d r i v e n  b y  t h e  s l i p  r i n g  s h a f t .  T h i s  l a y o u t  n e c e s s i -  
t a t e s  t h e  p a s s a g e  o f  t h e  t h e r m o c o u p l e  l e a d s  t h r o u g h  t h e  
t o r q u e  s p o o l ,  w h e r e  t h e y  a r e  j o i n e d  b y  t h e  s t r a i n  g a g e  
b r i d g e  l e a d s ,  a n d  o n  t h r o u g h  t h e  h o l l o w  j a c k s h a f t .  To 
e n a b l e  t h e  t e s t  s h a f t  t o  b e  r e m o v e d  f r o m  t h e  r i g  f o r  e i t h e r  
a b e a r i n g  c h a n g e  o r  a n  i n s p e c t i o n ,  t h e  w i r e s  m u s t  b e  d i s -  
c o n n e c t e d .  T h i s  h a s  b e e n  a c h i e v e d  b y  s u p p o r t i n g  t h e  w i r e s  
i n  a s p e c i a l  % "  d i a m e t e r  p r o b e  e x t e n d i n g  f r o m  t h e  s l i p  r i n g  
a s s e m b l y ,  t h r o u g h  t h e  j a c k s h a f t  a n d  t o r q u e  c o u p l i n g  w h i c h  
h a s  a t w e l v e  p i n  c o n n e c t o r  m o u n t e d  i n  i t s  f o r w a r d  e n d .  T h e  
f o u r  s t r a i n  g a g e  c o n t a c t s  a r e  m a d e ,  a t  t h e  a p p r c p r i a t e  
p o i n t s  a l o n g  t h e  p r o b e ,  b y  s p r i n g  l o a d e d  c a n t . a c . t s  w h i c h  m a t e  
w i t h  c i r c u m f e r e n t i a l  p i c k - u p  r i n g s  m o u n t e d  t w o  a t  p a r h  e n d  

v i   ne t o r q u e  s p o o l .  T h i s  a r r a n c e r n e n t  i s   she;^; i:: E r . z l ~ -  
s u r e  2 3 .  

T h e  m a t i n g  c o m p o n e n t  o f  t h e  t w e l v e - p i n  c o n n e c t o r  i s  
c a r r i e d  o n  a s h o r t  e x t e n s i o n  t u b e  i t s e l f  s u p p o r t e d  i n  a 
t h e r m a l  i n s u l a t i n g  m a t e r i a l .  T h e  p u r p o s e  o f  t h i s  e x t e n s i o n  
t u b e  i s  t o  k e e p  t h e  c o n n e c t o r  w e l l  c l e a r  o f  t h e  h i g h - t e m p e r a t u r e  
s h a f t  t o  m i n i m i z e  o x i d a t i o n  p r o b l e m s  o r  d e t e r i o r a t i o n  o f  t h e  
i n s u l a t i n g  m a t e r i a l .  T h i s  c o n f i g u r a t i o n  i s  shown  i n  E n c l o -  
s u r e  2 4 .  

T h e  p r o b e  i s  c o n s t r a i n e d  o n l y  a t  i t s  two e n d s  s o  t h a t  
i t s  own f l e x u r e  w i l l  a c c o m m o d a t e  t h e  s m a l l  d e g r e e  o f  a x i a l  
m i s a l i g n m e n t  t o l e r a t e d  b y  t h e  g e a r  c o u p l i n g .  
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V i b r a t i o n  S e n s i n g  

A c r y s t a l  a c c e l e r o m e t e r ,  c a p a b l e  o f  o p e r a t i n g  a t  t e m p -  
e r a t u r e s  o f  u p  t o  700°F, i s  a v a i l a b l e  f o r  m o n i t o r i n g  t h e  
r i g  v i b r a t i o n .  A s u i t a b l e  m o u n t i n g  p o i n t  o n  t h e  r i g  w i l l  
b e  s e l e c t e d  w i t h  t h e  a i d  o f  a v i b r a t i o n  s e n s o r  t o  y i e l d  t h e  
m o s t  s e n s i t i v e  l o c a t i o n .  

M a s s  S p e c t r o m e t e r  

A m a s s  s p e c t r o m e t e r ,  o p e r a t i n g  on  t h e  t i m e - o f - f l i g h t  
p r i n c i p l e  a n d  s u p p l i e d  b y  N u c l i d e  C o r p o r a t i o n  o f  S t a t e  
C o l l e g e ,  P a . ,  h a s  b e e n  s e t  u p  t o  f u n c t i o n  u n d e r  t h e  c o n t r o l  
o f  t h e  I B M  d a t a  c o n t r o l  s y s t e m ,  d e s c r i b e d  i n  t h e  F i r s t  Semi- 
a n n u a l  R e p o r t  ( 1 1 ,  s o  t h a t  s e q u e n t i a l  s a m p l i n g  f r o m  f o u r  
c h a m b e r s  c a n  b e  a c h i e v e d  a u t o m a t i c a l l y .  T h e  r e f i l l i n g  o f  
t h e  c o l d  t r a p s  h a s  a l s o  b e e n  a c c o m p l i s h e d  a u t o m a t i c a l l y  s o  
t h a t  t h e  i n s t r u m e n t  may f u n c t i o n  f o r  l o n g  p e r i o d s  w i t h o u t  
a t  t e n  t i o n .  

T h e  s i g n a l s  f r o m  t h e  i n s t r u m e n t  may b e  r e c o r d e d  i n  a n y  
c o m b i n a t i o n  o f  t h e  f o l l o w i n g  t h r e e  w a y s :  

1. P e n - c h a r t  r e c o r d .  
2 .  V i s u a l  r e a d - o u t  o n  a n  n q c i l l n c r n y a  

3. S ~ i ~ c t ~ r l  n o a k c  r - - - - -  ~ 2 :  r ~ c ~ i - d e d  b y  t:ie ;GE l ; o m p u ~ -  
e r  a s  a m i l l i v o l t  s i g n a l ,  w h i c h  i s  a f u n c t i o n  o f  
t h e  c o n c e n t r a t i o n  o f  t h e  s e l e c t e d  i o n .  

T h e  d e t a i l s  o f  t h e  f u n c t i o n i n g  o f  t h e  e l e c t r i c a l  a n d  
m e c h a n i c a l  l i n k a g e s  c o m p r i s i n g  t h e  a u t o m a t i c  r e a d - o u t  s y s t e m  
f o r  h e l i u m  a n d  o x y g e n  c o n c e n t r a t i o n ,  were  p r e s e n t e d  i n  t h e  
F i r s t  S e m i a n n u a l  R e p o r t  ( 1 ) .  
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T h i s  i n s t r u m e n t a t i o n  h a s  b e e n  e x t e n s i v e l y  t e s t e d  
p a r t l y  i n  t h e  p r e s e n c e  o f  t h e  M a n u f a c t u r e r ' s  r e p r e s e n t a t i v e  
a n d  i t  w a s  f o u n d  t h a t  t h e  s a m p l e  h a n d l i n g  s y s t e m  ( v a l v e s ,  
p r o g r a m m e r ,  pump)  now f u n c t i o n s  s a t i s f a c t o r i l y .  

H o w e v e r ,  t h e  m a s s  s p e c t r o m e t e r  i t s e l f ,  i . e .  f l i g h t  
t u b e s ,  e l e c t r o n  m u l t i p l i e r ,  and  e l e c t r o n i c  r e a d o u t  g e a r  
a r e  n o t  s a t i s f a c t o r y  f o r  t h e s e  r e a s o n s :  

a )  T h e  e l e c t r o n  m u l t i p l i e r  i s  u n s t a b l e  a n d  l o s e s  
s e n s i t i v i t y  d u e  t o  a n y  i n g r e s s  o f  h y d r o c a r b o n s  
o r  a i r  w i t h o u t  p r o v i s i o n s  f o r  r e c o n d i t i o n i n g .  
C o n s e q u e n t l y ,  h e l i u m  s e n s i t i v i t y  f o r  c o n c e n t r a -  
t i o n s  l e s s  t h a n  500 ppm i s  n o t  d e p e n d a b l e .  

b )  T h e  e l e c t r o n i c s  show h i g h  n o i s e  l e v e l s  a n d  t h e r e -  
f o r e  n o  a d e q u a t e  s i g n a l / n o i s e  r a t i o  c a n  b e  p r o -  
d u c e d  f o r  h e l i u m  o r  o x y g e n  c o n c e n t r a t i o n s  o f  t h e  
magn i t u d e  e x p  ec  t e d  . 

I 

c )  T h e  z e r o  d r i f t  o f  t h e  e l e c t r o n i c s  i s  o f  a n  o r d e r  
c o m p a r a b l e  t o  t h e  s i g n a l s  e x p e c t e d ,  p r e v e n t i n g  t h e  
c o m p u t e r  f r o m  z e r o  c o r r e c t i n g  t h e  r e a d i n g .  

d )  E l e c t r o n i c  e l e m e n t s  a r e  o v e r d r i v e n  by  t h e  N2 p e a k ,  . . ^  - + L * - . - - L - .  - -  
- - - - - - w J  v ~ ~ . , ~ l l y  a ~ I I I L L ~ I I ~  z e r o - l i n e  f o r  p a r t s  o f  
i h e  s p e c t r u m  b e y o n d  N2. 

5.B ff I n d u s t r i e s  h a v e  n o w  d e c i d e d  t o  r e j e c t  t h e  s p e c -  
t r o m e t e r  p o r t i o n  o f  t h e  N u c l i d e  i n s t r u m e n t a t i o n .  

T h e  B e n d i x  C o r p o r a t i o n  was  i n v i t e d  a n d  h a s  q u o t e d  a 
s u b s t i t u t e  s y s t e m  w h i c h  w i l l  b e  f i t t e d  t o  t h e  N u c l i d e  s a m p l e  
h a n d l i n g  g e a r  a n d  h a s  s e l f - c a l i b r a t i n g  a n d  m a i n t e n a n c e  p r o -  
v i s i o n s ,  b y  w h i c h  B e n d i x  q u a r a n t e e s  10% a c c u r a c y  i n  r e a d i n g  
50 ppm h e l i u m  o r  700 ppm 0 2 ,  w h i c h  i s  c o n s i d e r e d  a d e q u a t e .  
T h e  new s y s t e m  i s  now b e i n g  o r d e r e d  a n d  d e l i v e r y  w i t h i n  two 
weeks h a s  b e e n  p r o m i s e d .  
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A r r a n g e m e n t  o f  t h e  I n s t r u m e n t a t i o n  a n d  C o n t r o l  S y s t e m  

T h e  i n s t r u m e n t a t i o n  a n d  c o n t r o l s  a s  now e x i s t e n t  a r e  
d e s c r i b e d  a s  f o l l o w s :  

I 

T h r e e  l a r g e  v e r t i c a l  c a b i n e t s  h o u s e  t h e  e q u i p m e n t  
a s s o c i a t e d  w i t h  e a c h  t e s t  r i g ,  shown  i n  t h e i r  t e s t  c e l l  l o -  
c a t i o n  i n  E n c l o s u r e  3 .  A f u r t h e r  s m a l l  u n i t  f o r  e a c h  c o n -  
t a i n s  t h e  m o t o r  s p e e d  c o n t r o l s  a n d ,  i n  t h e  c a s e  o f  t h e  r e -  
c i r c u l a t i n g  o i l  t e s t  r i g ,  t h e  l i q u i d  m e t a l  o i l - h e a t e r  c o n t r o l  
g e a r .  T h e  l a y o u t  i s  c o m p l e t e d  b y  a c a b i n e t ,  common t o  t h e  
two r i g s ,  c o n t a i n i n g  t h e  s t a b l i z e d  D C  v o l t a g e  s u p p l y  f o r  t h e  
s t r a i n  g a g e  i n s t r u m e n t s ,  a d i g i t a l  t a c h o m e t e r ,  a 4 8 - p o i n t  
t e m p e r a t u r e  r e c o r d e r ,  a 2 p e n  c o n t i n u o u s  t e m p e r a t u r e  r e c o r d e r  
a n d  a 2 p e n  c o n t i n u o u s  m i l l i v o l t  r e c o r d e r .  A p a t c h - p a n e l  i s  
i n c l u d e d  t o  p r o v i d e  a s  v e r s a t i l e  a r e c o r d i n g  s y s t e m  a s  p o s s -  
i b l e .  

Vacuum D e g a s s i n g  S y s t e m  f o r  L u b r i c a n t s  

, 

A 5 - g a l l o n  c a p a c i t y  t e s t - o i l  d e g a s s i n g  a p p a r a t u s  i s  on  
h a n d  t o  t h e  d e s i g n  s h o w n  s c h e m a t i c a l l y  i n  E i i c i o s u r e  4i o f  
t h e  F i r s t  S e m i a n n u a l  R e n n r t  ( 1 )  - - - - - . . ""  "I - 9 i ) v  I U L U U  

4 0 4 0  n i l  hzl!e hnez 5 c ~ z s s c d  i i ~ d e r  ~ ~ i i l u y e n  a t  p r e s s u r e s  i n  
t h e  r e g i o n  o f  0 . 5 m m  m e r c u r y  and  a n i t r o g e n  p u r g e  s t r e a m  o f  
0.1-0.3 s t d .  l i t e r / h r .  T h e  o i l  t e m p e r a t u r e  w a s  m a i n t a i n e d  a t  
2 0 0 ° F  a n d  t h e  d e g a s s i n g  c o n t i n u e d  f o r  a t  l e a s t  7 2  h o u r s .  A 
f i f t h  b a t c h  o f  E s s o  T u r b o  4040 o i l  w a s  d e g a s s e d  u n d e r  t h e  
s a m e  c o n d i t i o n  o f  t e m p e r a t u r e  and  p r e s s u r e  f o r  150 h o u r s .  A 
d a r k e n i n g  o f  t h e  o i l  o c c u r r e d ,  s i m i l a r  i n  c h a r a c t e r  t o  t h a t  
o b s e r v e d  w h e n  u n d e g a s s e d  o i l  w a s  h e a t e d  i n  t h e  M o n e l  o i l -  
r e c i r c u l a t i n g  s y s t e m ,  a p p a r e n t l y  d u e  t o  t h e  h e a t i n g  o f  t h e  o i l  
w i t h  s o m e  o x y g e n  p r e s e n t .  I n  t h e  f u t u r e  a l l  t e s t  o i l s  w i l l  b e  
d e g a s s e d  f o r  7 2  h o u r s  w i t h o u t  h e a t i n g ,  o r  i f  m o r e  s p e e d y  p r o -  
c e s s i n g  i s  n e e d e d ,  o n l y  o n e  h o u r  a t  200OF w i l l  b e  u s e d ,  a s  
s p e c i f i e d  by  t h e  NASA P r o j e c t  M a n a g e r .  

I .  K.*,,- L. .4 . . - .L- -  - A ?  - 
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T e s t  E l  cmen t s  

T e s t  B e a r i n g s  

E i g h t  t e s t  b e a r i n g s ,  h a v i n g  a b o r e  d i a m e t e r  o f  1 2 5 m m  
a n d  a n o m i n a l  m o u n t e d  c o n t a c t  a n g l e  o f  26O,  h a v e  b e e n  
s u p p l i e d .  T h e s e  b e a r i n g s ,  p a r t  o f  a b a t c h  o f  a b o u t  t h i r t y ,  
c o n f o r m  t o  t h e  d e s i g n  d e s i g n a t e d  4 5 9 9 8 1 A , t h e  l e a d i n g  
d i m e n s i o n s  o f  w h i c h  a r e  s h o w n  i n  E n c l o s u r e  2 5 .  T h e s e  b e a r -  
i n g s  h a v e  b a l l s  a n d  r i n g s  o f  C V M  M-50 w h i c h  r e t a i n  s u i t a b l e  
h a r d n e s s  u p  t o  a p p r o x i m a t e l y  600OF.  

A f u r t h e r  g r o u p  o f  t w e l v e  t e s t  b e a r i n g s ,  f i n i s h e d  t o  
4 5 9 9 8 0 ,  t h a t  i s  w i t h  r i n g s  a n d  b a l l s  o f  WB49 m a t e r i a l ,  f o r  
o p e r a t i o n  a t  t e m p e r a t u r e s  a b o v e  6 0 0 ° F ,  a r e  b e i n g  m a d e  a v a i l -  
a b l e .  

As a r e s u l t  o f  f u r t h e r  s t u d i e s  o f  t h e  k i n e m a t i c s  a n d  
e l a s t o h y d r o d y n a m i c s  o f  h i g h - s p e e d  t h r u s t  b e a r i n g s ,  a b e a r i n g  
d e s i g n  m o d i f i c a t i o n  h a s  b e e n  i n t r o d u c e d ,  w h i c h  i n c r e a s e s  t h e  
r a t i o  o f  b a l l  s p i n  t o r q u e  o n  t h e  o u t e r  t o  t h a t  on  t h e  i n n e r  
r i n g  a n d  r e d u c e s  t h e  f r i c t i o n a l  h e a t  g e n e r a t i o n  a n d  t h u s  t h e  
p o w e r  c o n s u m p t i o n ,  when  c o m p a r e d  w i t h  t h e  o r i g i n a l  d e s i g n .  

D u e  t o  t h e  s t a t e  o f  m a n u f a c t u r e  o f  t h e  b e a r i n g  r i n g s ,  
- -1. - .- 
v l l l G l l l  t h e  d e s i g n  m o d i f i c a t i o n  was c o m p l e t e d ,  0 . 0 0 5 "  o v e r s i z e  
b a l l s  were  n e c e s s i t a t e d  t o  p r o v i d e  s u f f i c i e n t  e x c e s s  m a t e r -  
i a l  o n  t h e  r i n g s  f o r  t h e  r e w o r k i n g .  T h e s e  new b e a r i n g s  h a v e  
b e e n  d e s i g n a t e d  b y  s e q u e n t i a l  s e r i a l  l e t t e r s  f o r  t h e  t w o  
b a s i c  b e a r i n g  g r o u p s ,  b a s e d  o n  t h e  m a t e r i a l  o f  w h i c h  t h e  
r i n g s  a r e  m a d e ,  a n d  t h e  l e a d i n g  d i m e n s i o n s  a r e  s h o w n  i n  
E n c l o s u r e  2 7 .  T w e l v e  WB49 a n d  t w e n t y  M-50 b e a r i n g s  o f  t h i s  
t y p e  a r e  on o r d e r .  E x t e n s i o n s  t o  t h e  g r o u p s  may b e  r e -  
q u i r e d  i f  i t  i s  f o u n d  d u r i n g  the e x p e r i m e n t a l  t e s t i n g  t h a t  
t h e  f u n c t i o n i n g  o f  t h e  b e a r i n g s ,  m a d e  t o  t h e  m o d i f i e d  d e -  
s i g n ,  i s  l i m i t e d  b y  c a g e  p e r f o r m a n c e .  I n  t h i s  c a s e  b a c k -  
u p  c a g e s ,  o f  t h e  t y p e s  p r o v i d e d  f o r  t h e  f i r s t  b e a r i n g  d e s i g n s ,  
w i l l  b e  i n t r o d u c e d .  H o w e v e r ,  a l l  i n i t i a l  s c r e e n i n g  t e s t s  
a r e  p l a n n e d  t o  b e  c o n d u c t e d  w i t h  t h e  4 5 9 9 8 0  a n d  4 5 9 9 8 1 A  
b e a r i n g s ,  a s  a g r e e d  w i t h  t h e  NASA P r o j e c t  M a n a g e r .  
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B e a r i n g  C a g e s  

E i g h t  c a g e s ,  f i n i s h e d  t o  t h e  p r i m a r y  c h o i c e  o f  m a t e r -  
i a l  a n d  d e s i g n ,  h a v e  b e e n  s u p p l i e d .  T h e y  a r e  m a d e  f r o m  M - 1  
s t e e l ,  h e a t  t r e a t e d  t o  53-56 Rc t o  g i v e  t h e  s t r e n g t h  
n e c e s s a r y  f o r  t h e  a n t i c i p a t e d  s e v e r e  c o n d i t i o n s  o f  SST 
o p e r a t i o n .  T h e  o u t e r - r i n g  p i l o t e d  d e s i g n  w a s  c h o s e n  a s  t h e  
b e s t  a r r a n g e m e n t  t o  m a i n t a i n  a d e q u a t e  l u b r i c a t i o n  o f  t h e  
c r i t i c a l  g u i d e  l a n d s .  P r e l i m i n a r y  e x p e r i m e n t a l  e v i d e n c e  
i n d i c a t e s  t h a t  t h e  f r i c t i o n a l  d r a g  o f  t h e  c a g e  u p o n  t h e  b a l l s  
a n d  t h e  o u t e r  r a c e  may c r e a t e  c o n s i d e r a b l e  h e a t i n g  o f  t h e  
c a g e .  T h e  c o n s e q u e n t  e x p a n s i o n  w o u l d  a b s o r b  t h e  g e n e r o u s  
r a d i a l  c l e a r a n c e  p r o v i d e d  a n d  c a u s e  o n e  o r  b o t h  l a n d s  t o  
s e i z e  on  t h e  o u t e r  r a c e ,  i m m e d i a t e l y  p r o d u c i n g  b e a r i n g  f a i l -  
u r e  by  p r e v e n t i n g  p r o p e r  r o l l i n g  m o t i o n  o f  t h e  b a l l  c o m p l e -  
m e n t .  

T h i s  mode o f  f a i l u r e  h a s  been o b s e r v e d  i n  b o t h  r e -  
c i r c u l a t i n g  o i l  a n d  m i s t  t e s t s  a n d  s o  c a n n o t  s i m p l y  b e  a s -  
c r i b e d  t o  i n a d e q u a t e  l u b r i c a t i o n  o r  c o o l i n g .  H o w e v e r ,  t , h e  
i n n e r  r i n g s  h a v e  c o n s i s t a n t l y  r u n  much h o t t e r  t h a n  t h e  o u t e r  
r i n g s  i n  a i l  t e s t s  s o  f a r ,  s o  t h e  t h e r m a l  c o n d i t i o n s  mav n o t  
b,, r G p L C 3 ~ ~ ~ ~ d ~ ~ ~ e  0 1  1 1 n a l  t e s t  c o n d i t i o n s .  B a c k - u p  c a r ~ e s  

o f  tne s a m e  m a t e r i a l ,  s i l v e r - p l a t e d  M - 1 ,  b u t  o f  i n n e r  r i n g  
p i l o t e d  d e s i a n  a r e  h e i n ?  h r n l i ; h +  ! c y ~ z : d  f:: ~ ; , p a i - o t ; ~ ~  
t e s t i n g .  T h e  b e a r i n g s  t h e n  b e a r  t h e  d e s i g n a t i o n  4 5 9 9 8 1 B .  
E n c l o s u r e  2 6 .  I t  w i l l  b e  n o t e d  t h a t  a n  e v e n  l a r g e r  n o m i n a l  
c l e a r a n c e  on  t h e  r u n n i n g  d i a m e t e r s  i s  a l l o w e d  t o  a c c o m m o d a t e  
d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n  o f  t h e  i n n e r  r i n g .  

F u r t h e r  M - 1  f o r g i n g s  a r e  b e i n g  p r o d u c e d  f r o m  w h i c h  m o r e  
c a g e s  may b e  m a d e  t o  e i t h e r  i n n e r  o r  o u t e r  p i l o t e d  d e s i g n ,  
a n d  h a v i n g  w i d e r  t h a n  n o r m a l  g u i d e  l a n d s ,  s h o u l d  l a n d  w e a r  
p r o v e  t o  b e  a p r o b l e m  o n c e  t h e  e x p a n s i o n  s e i z u r e s  h a v e  b e e n  
o v e r c o m e .  

-23-  



T e s t  B e a r i n g  D y n a m i c s  and E l a s t o h y d r o d y n a m i c s  

t 

I n  o r d e r  t o  p r e d i c t  t h e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  o f  
t h e  t e s t  b e a r i n g s  shown  i n  E n c l o s u r e s  2 5 ,  2 6 ,  a n d  27 u n d e r  
t h e  t e s t  c o n d i t i o n s  i m p o s e d  b y  t h i s  t e s t  p r o g r a m ,  k i n e m a t i c  
a n a l y s i s ,  e l a s t o h y d r o d y n a m i c  f i l m  t h i c k n e s s  c a l c u l a t i o n ,  a n d  
h e a t  g e n e r a t i o n  a n a l y s i s  h a v e  b e e n  p e r f o r m e d  w i t h  t h e  a i d  o f  
a d i g i t a l  c o m p u t e r .  T h e  c o m p u t e r  p r o g r a m ,  p r e p a r e d  a n d  o w n e d  
by  5 8 F  I n d u s t r i e s ,  I n c . ,  h a s  b e e n  d e v e l o p e d  f o r  t h e  s t u d y  
o f  t h e  p a r a m e t e r s  i n v o l v e d  i n  t h e  o p e r a t i o n  o f  h i g h  s p e e d ,  
h i g h l y  l o a d e d  b a l l  t h r u s t  b e a r i n g s .  T h e  a n a l y s i s  t a k e s  i n t o  
a c c o u n t  t h e  b e a r i n g  g e o m e t r y ,  t h e  d i r e c t  t h r u s t  l o a d i n g ,  t h e  
s p e e d ,  t h e  g y r o s c o p i c  a n d  c e n t r i f u g a l  f o r c e s  o n  t h e  b a l l s ,  
t h e  e l a s t i c  d e f o r m a t i o n s  a t  the  c o n t a c t s  a n d  ( f o r  h e a t  g e n -  
e r a t i o n  a n d  f i l m - t h i c k n e s s  c o m p u t a t i o n s )  t h e  l u b r i c a n t  p r o p -  
e r t i e s  a t  t h e  e s t i m a t e d  o p e r a t i n g  t e m p e r a t u r e .  A s a m p l e  o f  
o u t p u t  d a t a  f o r  t h e  o r i g i n a l  a n d  m o d i f i e d  d e s i g n s  ( S e r i e s  I 
a n d  11, r e s p e c t i v e l y )  i s  shown i n  E n c l o s u r e  2 8 .  T h e  e f f e c t s  
o f  v a r y i n g  t h e  i n n e r  r a c e  a n d  o u t e r  r a c e  c o n f o r m i t i e s  i s  
c l e a r l y  shown i n  t h e  d a t a  p l o t t e d  i n  E n c l o s u r e  2 9 .  T h e  
d e p e n d e n c e  o f  t h e  b e a r i n g  t ‘ a t i g u e  l i f e  a n d  t h e  s p i n - t o - r o l l  
r a t i o  i s  c r i t i c a l  f o r  b e a r f n r ;  o p e r a t i o n  a i  h i g h  t e m p e r a t u r e s  
f o r  t h e  s p i n  c o m p o n e n t  r e p r e s e n t s  f r i c t i o z ~ ?  h e a t  g e n e r a t i o n ,  
w h e r e a s  t h e  r o l l i n q  c o m ~ o n e n t  i s  i n d i p a t i r r n  n f  + L -  - - *  

m o t i o n  o f  t h e  h e a t e d  c n n t n r t  I ” ” P  e:’”: t h e  S e a r i l l y  s u r i a c e s  
a n d  t h u s ,  h e a t  r e m o v a l  f r o m  t h e  c o n t a c t .  The  d e s i g n  m u s t ,  
t h e r e f o r e ,  b e  a c o m p r o m i s e  b e t w e e n  c o n f o r m i t i e s  l e a d i n g  t o  
a l o w  v a l u e  o f  s p i n / r o l l  r a t i o ,  w i t h  maximum s p i n - t o r q u e  
r a t i o  ( d e s c r i b e d  i n  A p p e n d i x  I11 o f  ( 1 )  a n d  i n  ( 4 , 5 1 1 ,  a n d  
a m i n i m u m  s a c r i f i c e  i n  f a t i g u e  l i f e .  T h e  l i f e  i s  p r e d i c t e d  
a s  a f u n c t i o n  o f  t h e  c o n t a c t  s t r e s s e s  a n d  s t r e s s e d  v o l u m e  
a c c o r d i n g  t o  t h e  L u n d b e r g ? P a l m g r e n  t h e o r y  ( 2 )  , w h i c h  c h a n g e s  
a s  t h e  g r o o v e  c o n f o r m i t i e s  a r e  c h a n g e d .  

,. 
- - -  ”..” A U L G  V I  

T h e  r e s u l t s  o f  t h e  c a l c u l a t i o n s  y i e l d  t h e  s p i n - t o r q u e  
r a t i o  a s  a f u n c t i o n  o f  c o n f o r m i t y  a s  shown  i n  E n c l o s u r e  3 0 .  
T h i s  r a t i o  i s  c l e a r l y  i m p r o v e d  i n  t h e  n e w  d e s i g n ,  b u t  a t  t h e  
e x p e n s e  o f  f a t i g u e  l i f e .  H o w e v e r ,  t h e  l i f e  o f  t h e  b e a r i n g  
i s  s t i l l  a d e q u a t e  f o r  t h e  p u r p o s e s  o f  t h i s  p r o j e c t .  F u r t h e r -  
m o r e ,  t h e  i m p o r t a n c e  t h a t  may b e  a t t a c h e d  t o  t h e  s m a l l  i n -  
c r e a s e s  o r  d e c r e a s e s  i n  t h e  p r e d i c t e d  f a t i g u e  l i f e  o f  a b e a r -  
i n g  i s  o p e n  t o  q u e s t i o n ,  d u e  t o  t h e  c o m p l e x  e f f e c t s  o f  l u b r i -  
c a t i o n  f a c t o r s  on  f a t i g u e ,  w h i c h  a r e  n o t  i n c l u d e d  i n  t h e  com- 
p u  t a  t i o n .  
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T h e  c o m p u t e d  minimum o i l  f i l m  t h i c k n e s s  a t  t h e  i n n e r  
r i n g  c o n t a c t  w i t h  t h e  h y d r o c a r b o n  l u b r i c a n t  ( S o c o n y  1 7 7 F )  
a t  6000F r e m a i n e d  e s s e n t i a l l y  c o n s t a n t ,  a s  e x p e c t e d ,  a t  
a p p r o x i m a t e l y  13 m i c r o i n c h e s  t h r o u g h o u t  t h e  r a n g e  o f  c o n -  
f o r m i t y  v a r i a t i o n .  F rom p r e v i o u s  e x p e r i m e n t a l  a n d  t h e o r e t -  
i c a l  w o r k  ( 3 )  t h e  b e a r i n g  c a n  b e  e x p e c t e d  t o  o p e r a t e  o n  a n  
e s s e n t i a l l y  c o m p l e t e  o i l  f i l m ,  w h i c h  i s  c o n d u c i v e  t o  l o n g  
l i f e .  I n  o r d e r  t o  t a k e  f u l l  a d v a n t a g e  o f  t h e  a v a i l a b l e  l u b -  
r i c a n t  f i l m  c o n d i t i o n s ,  t h e  g r o o v e s  o f  t h e s e  t o o l - s t e e l  
b e a r i n g s  h a v e  b e e n  f i n i s h e d  t o  a h i g h  d e g r e e  o f  g e o m e t r i c a l  
a c c u r a c y  a n d  a s u r f a c e  f i n i s h  o f  b e t t e r  t h a n  4 m i c r o i n c h e s ,  
rms, i n  t h e  c r o s s - g r o o v e  d i r e c t i o n ,  A l l  s u r f a c e s  o f  t h e  
r i n g s  a n d  t h e  b a l l s  a r e  b l a c k  o x i d e  c o a t e d ,  w h i c h  s e r v e s  a s  
a n  a i d  t o  i n i t i a l  r u n n i n g - i n  o f  t h e  c o n t a c t i n g  s u r f a c e s ,  a n d  
a l s o  a s  a n  a i d  t o  t h e  p o s t - r u n  v i s u a l  a n d  p h o t o g r a p h i c  i n -  
s p e c t i o n .  

L u b r i c a n t s  

T h e  s e l e c t i o n  o f  t e s t  l u b r i c a n t s  f o r  t h i s  p r o g r a m ,  d i s -  
c u s s e d  i n  t h e  F i r s t  S e m i a n n u a l  R e p o r t  ( 1 1 ,  w a s  made  o n  t h e  
b a s i s  o f  p u b l i s h e d  p e r f o r m a n c e ,  e x p e r i e n c e  u n d e r  r e l a t e d  
c o ~ d i t i o n s  a t  3 %  IF I n d u s t r i e s ,  I n c .  a n d  p r o p e r t i e s  d a t a  
f r n m  + _ h c  f :~ : ;  a u p p l l ~ ~ ~ .  i e m p e r a t u r e - v i s c o s i t v  d a t a  f o r  
:!IC s e l e c i e d  r e c i r c u i a t i n g  a n d  m i s t  l u b r i c a n t s  a r e  g i v e n  i n  
E n c l o s u r e  31 a n d  3 2 ,  r e s p e c t i v e l y .  S i n c e  t h e  l a s t  r e p o r t ,  
a few m o d i f i c a t i o n s  a n d  a d d i t i o n s  t o  t h e  l i s t  o f  a p p r o v e d  
f l u i d s  were m a d e  a n d  w i l l  b e  d i s c u s s e d  b e l o w .  

. .  

S e l e c t e d  F l u i d s  t o  b e  Used a s  R e c i r c u l a t i n g  L u b r i c a n t s  

1. MIL-L-7808E - Esso 4040 Turbo  O i l  - u n c h a n g e d .  
2 .  E s t e r - b a s e  l u b r i c a n t  w i t h  i m p r o v e d  t e m p e r a t u r e  

3 .  A h i g h l y  r e f i n e d  m i n e r a l  o i l  o r  h y d r o c a r b o n  - S o c o n y  
p r o p e r t i e s  - S i n c l a i r  T u r b o  1 0 4 8  - u n c h a n g e d .  

M o b i l  X R M  1 7 7 F .  
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T h i s  p r o d u c t  o f  t h e  S o c o n y  M o b i l  O i l  Company  i s  c o m p o s e d  
o f  t h e  s y n t h e t i c  p a r a f f i n i c  t y p e  o i l  d e s i g n a t e d  S o c o n y  M o b i l  
XRM 1 0 9 F ,  p r e v i o u s l y  s e l e c t e d  i n  t h i s  c a t e g o r y ,  t o  w h i c h  a 
p r o p r i e t a r y  b o u n d a r y  l u b r i c a t i o n  a d d i t i v e  h a s  b e e n  a d d e d .  
T h i s  c h a n g e  w a s  m a d e  i n  v i e w  o f  t h e  r e s u l t s  o f  e n d u r a n c e  t e s t s  
c a r r i e d  o u t  i n  7 2 0 5  s i z e  b e a r i n g s  a t  E3CSLF I n d u s t r i e s ,  I n c . ,  
i n  w h i c h  t h e  X R M  1 7 7 F  l u b r i c a n t  s h o w e d  i t s e l f  t o  b e  s u p e r i o r  
t o  t h e  b a s e  m a t e r i a l ,  X R M  1 0 9 F ,  when  r u n n i n g  a t  h i g h  s p e e d  
( 4 2 , 8 0 0  r p m )  a n d  t h r u s t  l o a d  (459 l b s . ) ,  a t  t e m p e r a t u r e s  o f  
6 0 0 ° F  ( 4 ) .  H a v i n g  s e c u r e d  t h e  a p p r o v a l  o f  t h e  NASA P r o j e c t  
M a n a g e r ,  t h e  e n t i r e  b a t c h  o f  1 0 9 F  o n  h a n d  f o r  t h i s  p r o g r a m  
w a s  r e t u r n e d  t o  t h e  S o c o n y  M o b i l  O i l  C o m p a n y ,  a n d  i s  b e i n g  r e -  
t u r n e d  t o  2Z E F I n d u s t r i e s  w i t h  t h e  a d d i t i v e  p a c k a g e  i n c l u d e d .  

4 .  A P o l y p h e n y l  E t h e r  - M o n s a n t o  MCS-293 

T h e  s u b s t i t u t i o n  o f  M o n s a n t o  MCS-293 f o r  t h e  p r e v i o u s  
f l u i d ,  M o n s a n t o  OS-124 ( m o d i f i e d )  h a s  b e e n  a p p r o v e d  by  t h e  
NASA P r o j e c t  M a n a g e r  b y  reason  o f  t h e  b e t t e r  p e r f o r m a n c e  
d e m o n s t r a t e d  b y  MCS-293 i n  t h e  h i g h  s p e e d  b e a r i n g  t e s t s  
c a r r i e d  o u t  u n d e r  C o n t r a c t  NASw-492 ( 4 ) .  P r o p e r t i e s  d a t a  a r e  
g i v e n  i n  E n c l o s u r e  3 3 .  T h e  o r i g i n a l  f l u i d  i s  b e i n g  r e t u r n e d  
t o  t h e  M o n s a n t o  C h e m i c a l  Company on  a d i r e c t  e x c h a n g e  b a s i s .  

5.  A F l u o r o c a r b o n  F l u i d  - D u P o n t  PR 14.1 

M a n u f a c t u r e d  by  E .  I .  d u P o n t  d e  N e m o u r s  a n d  C o m p a n y ,  I n c .  
t h i s  f l u i d  h a s  a p p e a r e d  f a v o r a b l e  i n  p r e l i m i n a r y  b e n c h - t y p e  
s c r e e n i n g  t e s t s  b o t h  a t  NASA and B E F  I n d u s t r i e s ,  I n c .  ( 4 ) .  
A l t h o u g h  t h e  f l u i d  i s  c o r r o s i v e  t o  o r d i n a r y  s t e e l s  a t  t e m p e r a -  
t u r e s  a b o v e  4 0 0 0 F ,  w h i c h  d i c t a t e s  t h e  u s e  o f  s p e c i a l  n i c k e l  
a l l o y s  f o r  a l l  w e t t e d  p a r t s ,  o t h e r  t h a n  b e a r i n g s  a n d  s e a l s ,  
i t  i s  e x t r e m e l y  s t a b l e  a t  t e m p e r a t u r e s  o f  6 0 0 ° F  a n d  a b o v e .  
T h e  e x t r a p o l a t e d  v i s c o s i t y  a t  600°F i s  1 . 6  c s ,  w h i c h  i s  
s u p e r i o r  t o  m o s t  o t h e r  f l u i d s  a v a i l a b l e  a n d  p r o b a b l y  a d e q u a t e  
f o r  t h e  g e n e r a t i o n  o f  a f u l l  e l a s t o h y d r o d y n a m i c  f i l m  i n  t h e  
b e a r i n g  c o n t a c t s .  A r r a n g e m e n t s  h a v e  b e e n  m a d e  f o r  t h e  s u p p l y  
o f  2 0  g a l l o n s  o f  t h e  f l u i d ,  t a k e n  f r o m  a s i n g l e  80 g a l l o n  
b a t c h ,  f o r  u s e  i n  s c r e e n i n g  t e s t s .  

T h e  r e m a i n d e r  o f  t h e  b a t c h  w i l l  b e  h e l d  f o r  5 B  LF 
I n d u s t r i e s  f o r  p o t e n t i a l  u s e  i n  t h e  e n d u r a n c e  r u n s  o f  t h i s  
p r o g r a m .  
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F l u i d s  t o  b e  U s e d  a s  " O n c e - T h r o u g h "  L u b r i c a n t s  

1. MIL-L-7808E - E s s o  4 0 4 0  T u r b o  O i l  - u n c h a n g e d .  
2 .  A P o l y a l k y l e n e  G l y c o l  - Ucon 50-HB-5100 - u n c h a n g e d .  
3 .  A P o l y o l e f i n  - S u n t h e t i c  - 1 8 H  - u n c h a n g e d .  
4. A h i g h l y  r e f i n e d  h y d r o c a r b o n  - S o c o n y  M o b i l  X R M  1 7 7 F .  

T h i s  f l u i d  h a s  b e e n  s u b s t i t u t e d  f o r  t h e  X R M  1 0 9 F ,  
f o r  t h e  r e a s o n s  e x p l a i n e d  i n  t h e  d i s c u s s i o n  o f  t h e  
r e c i r c u l a t i n g  l u b r i c a n t s  ( p a g e  2 6 ) .  

5 .  A p o l y e s t e r  - H e r c o l u b e  F .  

T h i s  p r o d u c t  o f  t h e  H e r c u l e s  P o w d e r  C o m p a n y ,  I n c .  h a s  
b e e n  a p p r o v e d  by  t h e  NASA P r o j e c t  M a n a g e r  a s  t h e  f i f t h  f l u i d  
t o  b e  t e s t e d  i n  t h e  o i l - m i s t  t e s t  r i g .  T h i s  m a t e r i a l  i s  a n  
u n f o r m u l a t e d  s a t u r a t e d  s t r a i g h t  f a t t y  e s t e r  o f  p e n t a r y t h r i t o l ,  
a n d  w a s  s e l e c t e d  f r o m  f i v e  c a n d i d a t e  p o l y e s t e r  l u b r i c a n t s ,  on  
t h e  b a s i s  o f  o i l - m i s t  t e s t s ,  d e t a i l s  o f  w h i c h  a r e  d e s c r i b e d  
i n  a l a t e r  s e c t i o n  o f  t h i s  r e p o r t .  Of two  f l u i d s  t e s t e d ,  
H e r c o l u b e  A a n d  H e r c o l u b e  F ,  w h i c h  d i d  n o t  d e p o s i t  h e a v y  
v a r n i s h  a n d / o r  gum,  on  t h e  b e a r i n g  s u r f a c e s ,  t h e  g r a d e  F 
m a t e r i a l  w a s  s e l e c t e d  b e c a u s e  o f  h i g h e r  f l a s h  a n d  f l a m e  
p o i n t s  a n d  t h e  h i g h e r  v i s c o s i t y  (l.0 c s  ~t 600OF) .  T h e  t y p i -  
c a l  p r o p e r t i e s  o f  t h i s  f l u i d  i s  s h o w n  i n  E n c l n s u r e  3 4  2nd t h e  
t e m p e r a t u r e - v i s c o s i t y  i s  p l o t t e d  i n  E n c l o s u r e  37  

S u f f i c i e n t  q u a n t i t i e s  o f  a l l  t h e  t e s t  f l u i d s  n e c e s s a r y  
f o r  t h e  p e r f o r m a n c e  o f  t h e  s c r e e n i n g  t e s t s  a r e  on h a n d  o r  i n  
t r a n s i t ,  e x c e p t  t h e  e x c h a n g e  o f  S o c o n y  1 0 9 F  f o r  1 7 7 F  a n d  
M o n s a n t o  S k y l u b e  600 f o r  MCS-293, w h i c h  a r e  i n  p r o c e s s ,  a n d  
D u P o n t  PR 1 4 3 ,  w h i c h  i s  e x p e c t e d  by  D e c e m b e r  15 ,  1 9 6 5 ,  i n  
t i m e  f o r  t h e  s c r e e n i n g  t e s t s  ( s e e  l a t e r  s e c t i o n  o f  t h i s  r e -  
p o r t  o n  T e s t  S c h e d u l i n g ) .  W r i t t e n  a g r e e m e n t  o f  l o t  c o n t r o l  
h a s  b e e n  r e c e i v e d  f r o m  a l l  t h e  l u b r i c a n t  m a n u f a c t u r e r s .  T h i s  
i s  a n  a r r a n g e m e n t  w i t h  t h e  m a n u f a c t u r e r  w h e r e b y  h e  e i t h e r  
h o l d s ,  f o r  5 K F ' s  f u t u r e  p u r c h a s e ,  a s u f f i c i e n t  q u a n t i t y  o f  
o i l  f r o m  a s i n g l e  l o t  t o  c o m p l e t e  b o t h  s c r e e n i n g  t e s t s  a n d  
e n d u r a n c e  t e s t s  o n  t h i s  p r o g r a m ,  o r  s u p p l i e s  t h e  e n t i r e  r e -  
q u i r e d  q u a n t i t y  o f  f l u i d  t o  5 8 F  a t  o n c e  f r o m  a s i n g l e  b a t c h  
o n  a u s e - o r - r e t u r n  a r r a n g e m e n t .  T h e  f i r s t  a l t e r n a t i v e  h a s  
b e e n  e m p l o y e d  f o r  t h e  m o r e  e x p e n s i v e  o i l s  a n d  t h e  s e c o n d  f o r  
t h e  l o w e r  c o s t ,  r e a d i l y  a v a i l a b l e  o i l s ,  t o  m i n i m i z e  e x p e n d i -  
t u r e .  
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F r e o n  A d d i t i v e s  

P r e l i m i n a r y  s o l u b i l i t y  and c o m p a t i b i l i t y  t e s t i n g  o f  
c a n d i d a t e  F r e o n  m a t e r i a l s  i n  the  a b o v e  s e l e c t e d  l u b r i c a n t s  
h a s  b e e n  c o n d u c t e d  a t  D u P o n t  and t h e  r e s u l t s  a r e  g i v e n  i n  
A p p e n d i x  111. O n  t h e  b a s i s  o f  t h e s e  t e s t s ,  a n d  c o s t  a n d  
d e l i v e r y ,  D u P o n t  F r e o n  113 i s  r e c o m m e n d e d  f o r  NASA a p p r o v a l  
f o r  t e s t i n g  o n  t h i s  p r o g r a m  i n  b o t h  t h e  r e c i r c u l a t i n g  a n d  
t h e  m i s t  r i g s ,  f o r  t h o s e  t e s t s  i n v o l v i n g  a F r e o n  a d d i t i v e ,  
a n d  i f  a p p r o v e d ,  a s u f f i c i e n t  q u a n t i t y  o f  t h i s  m a t e r i a l  w i l l  
b e  p r o c u r e d  i n  t i m e  f o r  t h e  s c r e e n i n g  t e s t s .  

P r e l i m i n a r y  O i l  M i s t  S t u d i e s  

P r e l i m i n a r y  s t u d i e s  o f  l u b r i c a t i o n  b y  o i l  m i s t  h a v e  
b e e n  m a d e  t o  d e t e r m i n e  t h e  r e q u i r e m e n t s  o f  t h e  m i s t  g e n e r a -  
t o r  a n d  r e c l a s s i f i e r  u n i t s ,  when s u p p l y i n g  o i l  m i s t  i n t o  a 
c h a m b e r  a t  a p r e s s u r e  c o n s i d e r a b l y  a b o v e  a m b i e n t .  

A s m a l l  s t a t i c  t e s t  s e t - u p ,  c o n s t r u c t e d  f o r  t h e  p u r -  
p o s e ,  i s  shown  i n  E n c l o s u r e  3 5 .  A s m a l l  N o r g r e n  M i c r o - F o g  
l u b r i c a t o r  h a s  b e e n  c o n n e c t e d  t o  a h e a v y ,  t h i c k  w a l l e d  t u b -  
u l a r  o v e n  i n  w h i c h  s t a t i c  b e a r i n g  r i n g s  c o u l d  b e  p l a c e d  s o  
t h a t  t h e  f l o w  f r o m  t h e  o i l - m i s t  r e c l a s s i f y i n g  n o z z l e  i m -  
p i n g e d  d i r e c t l y  ~ l i ) ~ : :  t h e m .  T h e  p r o c e s s  o f  w e t t i n g - o u t  o f  
t h e  r c c l a s s i f i e d  o i l  d r o p l e t s  a n d  t h c  t h e r i ~ a :  d e g r a d a t i o n  o f  
t h e  o i l .  i f  a n y .  c n i l l d  h P  n h a a r x y n d  thrc-.;h t h f , : ;  "p ,~ ,~"  
g l a s s  i.;izdow in t h e  tc;: :f :hc C Y C ; .   ill^ s y s i a r i i  w a s  p i p e a  
a n d  i n s t r u m e n t e d  so t h a t  t h e  p r e s s u r e s  and  f l o w s  o f  n i t r o g e n  
a n d  o i l  c o u l d  b e  m e a s u r e d  o v e r  a r a n g e  o f  t e m p e r a t u r e s .  

T L  - 

I n i t i a l  s e t t i n g - u p  t e s t s  e s t a b l i s h e d  t h a t  a c o p i o u s  
o i l  m i s t  c o u l d  r e a d i l y  b e  g e n e r a t e d  b y  t h e  s m a l l  l u b r i c a t o r  
a t  r o o m  t e m p e r a t u r e  when d e l i v e r i n g  i n t o  p r e s s u r e s  u p  t o  
60 p s i g  u s i n g  X R M  1 0 9 F  o i l .  A s m a l l  f r a c t i o n  o f  t h i s  m i s t  
wet o u t  o n  t h e  s t a t i o n a r y  b e a r i n g  r i n g s ,  w i t h o u t  t h e  a i d  o f  
t h e  r e c l a s s i f y i n g  n o z z l e ,  b u t  v e r y  much m o r e  w e t t i n g - o u t  w a s  
o b t a i n e d  w h e n  a s u i t a b l e  n o z . z l e  w a s  f i t t e d .  
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H a v i n g  e s t a b l i s h e d  t h a t  t h e  a p p a r a t u s  w a s  o p e r a t i n g  
s a t i s f a c t o r i l y ,  t h e  f e a s i b i l i t y  o f  g e n e r a t i n g  a n  o i l - m i s t  
f r o m  f i v e  c a n d i d a t e . p o l y e s t e r  l u b r i c a n t s ,  a n d  t h e  f o u r  
f l u i d s  a l r e a d y  s e l e c t e d  f o r  u s e  i n  t h e  o i l - m i s t  t e s t  r i g ,  
w a s  s t u d i e d .  T h e  o i l  r e s e r v o i r  o f  t h e  g e n e r a t o r  w a s  m a i n -  
t a i n e d  a t  200°F b y  m e a n s  o f  a w a t e r  b a t h  t o  s i m u l a t e  t h e  
r e q u i r e m e n t s  o f  t h e  f u l l - s c a l e  t e s t .  

A s a t i s f a c t o r y  o i l - m i s t  was g e n e r a t e d  i n  e a c h  c a s e ,  
a l t h o u g h  t h e  q u a n t i t y  v a r i e d  f r o m  o i l  t o  o i l .  W i t h  t h e  two 
m o s t  v i s c o u s  o i l s ,  S u n t h e t i c  1 8 H  a n d  U C O N  50-HB-5100, t h e  
r e s e r v o i r  t e m p e r a t u r e  h a d  t o  b e  r a i s e d  f r o m  200OF up t o  
300OF a n d  350°F, r e s p e c t i v e l y ,  t o  l o w e r  t h e  v i s c o s i t y  s u f f -  
i c i e n t l y  f o r  g o o d  o i l  m i s t i n g .  

D u r i n g  t h e s e  t e s t s  i t  w a s  n o t e d  t h a t  a p r e s s u r e  d r o p  
o f  10 p s i  a c r o s s  t h e  m i s t  g e n e r a t o r  p r o d u c e d  a n  a d e q u a t e  
m i s t ,  a n d  t h a t  t h i s  d i f f e r e n t i a l  w a s  i n d e p e n d e n t  o f  t h e  d e -  
l i v e r y  p r e s s u r e  u p  t o  t h e  6 0  p s i g  t e s t e d .  T h e  s t u d i e s  h a v e  
a l s o  shown  t h a t  t h e  n a t u r e  o f  t h e  m i s t  i s  a f f e c t e d  b y  t h e  
s i z e  o f  t h e  r e c l a s s i f i c a t i o n  n o z z l e .  

A 1/8" d i a m e t e r  n o z z l e  p r c d t i c e d  n o  d i s c e r n i b l e  c h a n g e  
i n  t h e  2-3 s c f m  o f  n i l  m i s t  bein.; d i s c h a r g e d ,  v i z . ,  t h e  o i i  

b e a r i n g  s u r f a c e s .  H o w e v e r ,  a p r o g r e s s i v e  r e d u c t i o n  t o  a 1/16q 
d i a m e t e r  n o z z l e  p r o d u c e d  an i n c r e a s i n g  a m o u n t  o f  v i s i b l e  d r o p -  
l e t s  w h i c h  r e a d i l y  wet  o u t  o n  a n y  m e t a l  s u r f a c e  w i t h  w h i c h  t h e y  
c a m e  i n  c o n t a c t .  

w a s  s t i l l  s u s ~ e n d e d  a s  a f i n e  m i c t  f h n _ t  - r - t : 1 $  .. - - - *  I . " "  - - - *  " " b b  W U L  - V I 1  

F u r t h e r  t e s t s  h a v e  shown  t h a t  a l l  t h e  o i l s  t e s t e d  c o u l d  
b e  m i s t e d  a n d  r e c l a s s i f i e d  t o  wet o u t  o n  a s t a t i o n a r y  b e a r i n g  
r i n g  m a i n t a i n e d  a t  6 0 0 ° F  a t  a p r e s s u r e  o f  4 5  p s i g .  T h e r e  w a q ,  
h o w e v e r ,  a w i d e  v a r i a t i o n  i n  t h e  a p p e a r a n c e  o f  t h e  b e a r i n g  
s u r f a c e s  a f t e r  e x p o s u r e  t o  t h e s e  c o n d i t i o n s  f o r  30 m i n u t e s .  
T h e  d e p o s i t s  r a n g e d  f r o m  a l i g h t  t a r n i s h  t o  t h i c k  l a y e r s  o f  
v a r n i s h  a n d / o r  gum. T h e  r e s u l t s  a r e  s u m m a r i z e d  i n  E n c l o s u r e  
36, a n d  t h e  t y p i c a l  a p p e a r a n c e  o f  t h e  d e p o s i t s  f o r m e d  on  t h e  
b e a r i n g  r i n g s  ( u s i n g  S u n t h e t i c  1 8 H )  i s  s h o w n  i n  E n c l o s u r e  37. 

O n  t h e  s t r e n g t h  o f  t h e i r  a b i l i t y  t o  a v o i d  h e a v y  v a r n i s h  
f o r m a t i o n  i n  t h e  a b o v e  t e s t s ,  t h e  c h o i c e  o f  a p o l y e s t e r  l u b -  
r i c a n t  w a s  r e d u c e d  f r o m  f i v e  c a n d i d a t e  m a t e r i a l s  t o  t w o ,  
H e r c o l u b e  A a n d  H e r c o l u b e  F. 
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T h e  e f f l u e n t  f r o m  t h e  t u b u l a r  o v e n  o f  t h e  a p p a r a t u s  
w a s  r e l e a s e d  t o  a t m o s p h e r e  t h r o u g h  a s m a l l  g l o b e  v a l v e  
w h i c h  t e n d e d  t o  a c t  a s  a f u r t h e r  r e c l a s s i f y i n g  n o z z l e  f o r  
t h e  m i s t  t h a t  h a d  n o t  w e t t e d  o u t  o n  t h e  p r e c e d i n g  s u r f a c e s .  
T h i s  e f f l u e n t  w a s  e x t r e m e l y  o i l y  o r  smoky  w i t h  a l l  t h e  o i l s  
u s e d  a n d  p o s e d  a d i s p o s a l  p r o b l e m .  P a s s i n g  t h e  e x h a u s t  
t h r o u g h  a p i p e  s t u f f e d  w i t h  s t e e l  w o o l  r e d u c e d  t h e  s m o k e  
d e n s i t y ,  b u t  d i d  n o t  e l i m i n a t e  i t ,  n o r  d i d  p a s s i n g  i t  t h r o u g h  
a s i m i l a r  p i p e  m a i n t a i n e d  a t  r e d  h e a t .  T h e  m o s t  s a t i s f a c -  
t o r y  s o l u t i o n  f o u n d  w a s  t o  p a s s  t h e  e f f l u e n t  j e t  t h r o u g h  a 
h i g h - t e m p e r a t u r e  f l a m e ,  w h e r e u p o n  t h e  o i l  d r o p l e t s  c o m b u s t e d  
i n  t h e  e x c e s s  a i r  i n d u c e d  by t h e  f l a m e ,  g i v i n g  a c l e a r  ex- 
h a u s t .  

T h e  i n i t i a l  o p e r a t i o n  o f  t h e  a c t u a l  o i l - m i s t  t e s t  r i g  
h a s  s h o w n  t h e  e x h a u s t  t o  b e  a f a i n t  m i s t  w h i c h  i s  b a r e l y  
v i s i b l e ,  s u g g e s t i n g  t h a t  a much g r e a t e r  d e g r e e  o f  w e t t i n g -  
o u t  i s  a c h i e v e d  i n  t h e  r i g ,  d u e  t o  t h e  h i g h  s p e e d s  o f  t h e  
m o v i n g  s u r f a c e s  a n d  t h e  t o r t u o u s  p a t h  t h e  g a s  i s  o b l i g e d  
t o  t a k e .  

-30- 



S h a k e d o w n  T e s t i n g  

I n  o r d e r  t o  p r e p a r e  t h e  two t e s t  r i g s  f o r  t h e  s c r e e n i n g  
t e s t s  o f  T a s k s  I1 a n d  I V  o f  t h i s  p r o g r a m ,  a p e r i o d  o f  s h a k e -  
down t e s t i n g  w a s  u n d e r t a k e n .  D u r i n g  t h i s  p e r i o d  t h e  v a r i o u s  
f a c e t s  o f  t h e  e q u i p m e n t  f u n c t i o n i n g  were  c h e c k e d  o u t ,  a d j u s t e d ,  
o r  m o d i f i e d  a s  n e c e s s a r y  t o  e n s u r e  t h a t  i t  f u n c t i o n e d  i n  t h e  
p r o p e r  m a n n e r .  T h e  t e s t s  w e r e  c o n d u c t e d  a c c o r d i n g  t o  t h e  g e n -  
e r a l  p l a n  g i v e n  b e l o w .  The  p l a n  a p p l i e d  t o  b o t h  t e s t  r i g s ,  
e x c e p t  w h e r e  n o t e d .  

R i g  S h a k e d o w n  P r o g r a m  

1.  I n s t a l l  t e s t  r i g  on  i t s  t a b l e  a n d  i n s t a l l  l o w  s p e e d  
d r i v e .  C o n n e c t  u p  t e m p o r a r y  l u b r i c a t i o n  a n d  i n s t r u -  
m e n t a t i o n  s y s t e m s .  

- c h e c k  o u t  d r i v e  a n d  j a c k s h a f t .  
- c h e c k  o u t  t e s t  r i g  f o r  o p e r a t i o n  

a t  l o w  s p e e d ,  2000 r p m ,  1000 l b s .  
t h r u s t  I s a d ,  u s i n g  m i n e r a l  o i l  
l u b r i c a t i o n  ir! a i r  w i t h c u t  e x -  
t e r n a l  h e a t i n g .  

2 .  I n i t i a t e  i n s t a l l a t i o n  o f  f u l l  i n s t r u m e n t a t i o n .  

3 .  S u b s t i t u t e  h i g h - s p e e d  d r i v e .  

- g r a d u a l l y  i n c r e a s e  s p e e d  a n d  l o a d  
up t o  1 4 , 0 0 0  r p m  a n d  3000 l b s .  
t h r u s t ,  n o  e x t e r n a l  h e a t i n g .  

4 .  C h a n g e o v e r  t o  t h e  e x p e r i m e n t a l  l u b r i c a t i o n  s y s t e m s .  

a )  - R e c i r c u l a t i n g  R i g  
C h e c k  f u n c t i o n  a n d  c o n t r o l  o f  
r e c i r c u l a t i n g  o i l  s y s t e m .  

b )  - O i l  Mist  R i g  
Check  m i s t  f o r m a t i o n  a n d  r e -  
c l a s s i f i c a t i o n ,  o b t a i n  o i l  d e -  
l i v e r y  c h a r a c t e r i s t i c s  o f  o i l  
m i s t  g e n e r a t o r .  
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- C o m p l e t e  u n h e a t e d  r u n n i n g  b y  a 
s u s t a i n e d  t h r e e  h o u r  t e s t  a t  
14,000 rpm a n d  3280 l b s .  t h r u s t  
( f u l l  l o a d  a n d  f u l l  s p e e d )  u s i n g  
MIL-L-7808E b a s e l i n e  f l u i d  a s  
l u b r i c a n t  u s i n g  n i t r o g e n  b l a n k e t -  
i n g .  

5 .  C o m p l e t e  i n s t a l l a t i o n  o f  i n s t r u m e n t a t i o n  a n d  c h e c k  
o p e r a b i l i t y  o f  a l l  f i n a l  s y s t e m s .  

6 .  R e p e a t  i n c r e a s i n g  s p e e d  a n d  l o a d  t e s t s ,  b u t  w i t h  
100 p s i  p r e s s u r e  d i f f e r e n t i a l  m a i n t a i n e d  a c r o s s  t h e  
t e s t  s e a l  p a i r ,  w i t h  t h e  i n t e r - s e a l  c a v i t y  h e l d  5 
p s i  a b o v e  t h e  a i r  c h a m b e r  p r e s s u r e .  

7 .  C h e c k  t e s t  o i l  h e a t i n g ,  c i r c u l a t i n g  a n d  t e m p e r a t u r e  
c o n t r o l  e q u i p m e n t .  

8.  R e p e a t  i n c r e a s i n g  s p e e d  a n d  l o a d  t e s t s  w i t h  3 r i g  
b o d y  t e m p e r a t u r e  o f  300°F w i t h  s e a l  p r e s s u r e s  a p p l i e d  
b u t  no  a i r  h e a t i n g .  I n c r e a s e  t h e  r i g  t e m p e r a t u r e  t o  
500°F a n d  r u n  a t  f u l l  l o a d  a n d  s p e e d .  

9 ,  R e p e a t  r u n s  w i t h  h o t  a i r  a t  3 0 0 ° F  s u p p l i e d  t o  b a c k  
o f  a i r  s e a l .  

10. R e p e a t  r u n s  w i t h  h o t  a i r  a t  900°F s u p p l i e d  t o  b a c k  o f  
a i r  s e a l .  S t r i p  t h e  t e s t  r i g  a n d  o i l  s y s t e m  d o w n ,  
e x a m i n e ,  c l e a n ,  a n d  r e - a s s e m b l e  u s i n g  d e g a s s e d  b a s e l i n e  
f l u i d  MIL-L-7808E i n  p r e p a r a t i o n  f o r  t h e  f i r s t  o f f i c i a l  
s c r e e n i n g  t e s t .  
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A .  R e c i r c u l a t i n g  R i g  T e s t s  w i t h  M i n e r a l  O i l  
L u b r i c a t i o n  S u p p l i e d  T h r o u g h  a n  A u x i l i a r y  S y s t e m  

S h a k e d o w n  t e s t i n g  commenced a s  s o o n  a s  t h e  r e c i r c u l a t i n g  
o i l  t e s t  r i g  w a s  i n s t a l l e d  i n  i t s  c e l l  a n d  t e m p o r a r y  d r i v e ,  
l u b r i c a t i o n  s y s t e m  a n d  i n s t r u m e n t a t i o n  h a d  b e e n  a r r a n g e d ,  i n  
t h e  a b s e n c e  o f  t h e  f i n a l  e q u i p m e n t .  I n  t h e  e a r l y  t e s t s ,  l o w  
s p e e d  r u n n i n g  f r o m  1000 rpm u p  t o  a maximum o f  2400  r p m  i n -  
d i c a t e d  o n l y  m i n o r  p r o b l e m s  w i t h  t h e  l o a d  b e a r i n g  u n i t  a n d  
t h e  r i g  s e a l .  B o t h  o f  t h e s e  p r o b l e m s  were b r o u g h t  a b o u t  b y  
t h e  l o a d  b e a r i n g  d r a i n  t u b e  f o u l i n g  t h e  r i g  m o u n t ,  when  
s l i g h t  a x i a l  m o v e m e n t  o c c u r r e d  u n d e r  t h r u s t  l o a d i n g .  T h e  
b e a r i n g  h o u s i n g  c o c k e d  a n d  t h e  c l a m p i n g  f o r c e s  o n  t h e  r i g  
s e a l  r u n n e r  were r e m o v e d ,  p e r m i t t i n g  t h a t  c o m p o n e n t  t o  t u r n  
o n  t h e  s h a f t  r e s u l t i n g  i n  g a l l i n g  o f  t h e  r e g i s t e r  s u r f a c e s .  
T h e  d r a i n  w a s  a l t e r e d  t o  a l l o w  c o n s i d e r a b l e  c l e a r a n c e  a n d  
s m o o t h e r  r i g  o p e r a t i o n  w a s  i m m e d i a t e l y  a p p a r e n t .  

T h e  t e m p o r a r y  l o w - s p e e d  d r i v e  w a s  t h e n  r e p l a c e d  by  a 
50 HP m o t o r  i n t e n d e d  a s  t h e  f i n a l  p o w e r  u n i t  f o r  t h e  o i l -  
m i s t  r i g ,  s o  t h a t  t r i a l  r u n s  a t  h i g h e r  s p e e d s  c o u l d  b e  m a d e .  
F r i c t i o n a l  h e a t i n g  o f  t h e  t e s t  r u n n e r s  a t  i n c r e a s e d  s p e e d s  
i n  t h e  r e g i o n  o f  4000 rpm tc! 6000 r p m ,  t o g e t h e r  w i t h  t h e  
h e a t  f r o m  t h e  t e s t  b e a r i n g ,  c a u s e d  a p p r ~ x i m ~ t e l ; ~  a 2C!G°F 
t e m p e r a t u r e  r i s e  i n  t h e  t e s t  s h a f t .  W i t h  no  c o m p a r a b l e  
h e a t i n g  o f  t h e  h o t - a i r  m a n i f o l d ,  t h e  r e s u l t i n g  d i f f e r e n t i a l  
t h e r m a l  e x p a n s i o n  a b s o r b e d  t h e  . O O l - .  002"  r a d i a l  c l e a r a n c e  
i n  t h e  h o t - a i r  l a b y r i n t h  s e a l  a n d  c a u s e d  a s e i z u r e  o f  t h a t  
a s s e m b l y .  T h e  s t a t i c  s i l v e r - p l a t e d  r i n g  w a s  r e m o v e d  f r o m  
t h e  l a b y r i n t h  a s s e m h l y  t o  e n s u r e  a d e q u a t e  c l e a r a n c e  u n d e r  
a n y  t h e r m a l  c o n d i t i o n s  u n t i l  s u c h  t ime  a s  a i r  h e a t i n g  w a s  
a v a i l a b l e  t o  r a i s e  t h e  t e m p e r a t u r e  o f  t h e  l a b y r i n t h  s e a l  r i n g  
a p p r e c i a b l y  a b o v e  t h a t  o f  t h e  s h a f t ,  s o  t h a t  s e i z u r e  c o u l d  
n o t  o c c u r .  

T e s t  l o a d s  a n d  s p e e d s  w e r e  g r a d u a l l y  i n c r e a s e d  u p  t o  
9000 r p m  a n d  80% o f  f u l l  l o a d  ( 2 6 0 0  l b s .  t h r u s t ) .  R e p e a t e d  
s h a r p  t o r q u e  i n c r e a s e s ,  a s  m e a s u r e d  b y  t h e  p o w e r  i n p u t  t o  
t h e  d r i v e  m o t o r ,  t o g e t h e r  w i t h  a n  e x a m i n a t i o n  o f  t h e  r i g  a n d  
b e a r i n g  c o m p o n e n t s ,  i n d i c a t e d  t h a t  s m e a r i n g  h a d  o c c u r r e d  i n  
b o t h  t h e  t e s t  a n d  l o a d  b e a r i n g s .  A p l a u s i b l e  c a u s e  o f  t h i s  
p h e n o m e n o n  i s  t h a t  t h e  i n n e r  r i n g s  o f  t h e  b e a r i n g  b e c o m e  m u c h  
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h o t t e r  t h a n  t h e  o u t e r  r i n g s ,  d u e  p r i n c i p a l l y  t o  t h e  s p i n n i n g  
f r i c t i o n  a t  t h e  i n n e r  r a c e / b a l l  c o n t a c t s  a n d  t h e  l e s s e r  h e a t  
r e m o v a l  f r o m  t h e  i n n e r  r i n g .  T h e  i n t e r n a l  c l e a r a n c e  o f  t h e  
b e a r i n g  i s  t a k e n  u p  b y  t h e  g r e a t e r  t h e r m a l  e x p a n s i o n  o f  t h e  
i n n e r  r i n g  a n d  t h i s  r e s u l t s  i n  s m e a r i n g  o f  t h e  b a l l s  a n d  t r a c k ,  
l e a d i n g  r a p i d l y  t o  c o m p l e t e  s e i z u r e .  

T h i s  s i t u a t i o n  i s  common i n  h i g h - t e m p e r a t u r e  t e s t e r s  
o p e r a t e d  a t  o t h e r  t h a n  d e s i g n  t e m p e r a t u r e s .  T h e  s o l u t i o n  i s  
( a )  t o  f i n d  t e m p o r a r y  e x p e d i e n t s  f o r  c o m p l e t i n g  t h e  c o l d  t e s t  
r u n s ,  e . g . ,  i n c r e a s e  b e a r i n g  l o o s e n e s s ,  a n d  ( b )  r e - t e s t  a t  
d e s i g n  t e m p e r a t u r e  a n d  t h e n  a d j u s t  i n t e r n a l  c l e a r a n c e s  t o  t h e  
c o n d i t i o n s  p r e v a i l i n g .  

P r o b l e m s  w i t h  t h e  b e l t  d r i v e  w e r e  a l s o  e n c o u n t e r e d ,  i n  
t h a t  o i l  m i s t ,  e m a n a t i n g  f r o m  t h e  l o a d - b e a r i n g  h o u s i n g  r e d u c e d  
t h e  f r i c t i o n  o f  t h e  b e l t ,  c a u s i n g  i t  t o  s l i p  o n  t h e  d r i v e n  
p u l l e y ,  l o s e  a l i g n m e n t  a n d  r u n  o f f  a l t o g e t h e r .  W i t h  t h e  i n -  
s t a l l a t i o n  o f  v e n t i l a t i o n  e q u i p m e n t  i n  t h e  c e l l s ,  a n d  t h e  
c o n s t r u c t i o n  o f  a s y i t a b l e  b e l t  g u a r d ,  t h e  o i l  m i s t  w a s  s u b -  
s e q u e n t l y  p r e v e n t e d  f r o m  f o u l i n g  t h e  b e l t .  T h e  b e l t  r a n  
s a t i s f a c t o r i l y  a t  10 ,000  rpm and 2 ,500  l b s .  t h r u s t  f o r  3% 
h o u r s .  

I n i t i a l  a t t e m p t s  t o  r u n  a t  h i g h e r  s p e e d s  were t h w a r t e d  
b y  t h e  l o a d  b e a r i n g  o v e r h e a t i n g  a n d  s e i z i n g ,  d e s p i t e  t h e  
p r o v i s i o n  o f  g r e a t e r  o i l  d r a i n a g e  s p a c e  b e s i d e  t h e  b e a r i n g  
a n d  a n  i n c r e a s e d  o i l  t h r o u g h p u t .  E v i d e n c e  w a s  a l s o  f o u n d  
t h a t  t h e  r i g  s e a l  r u n n e r  w a s  r u n n i n g  r e l a t i v e l y  h o t  a t  a b o u t  
6000F .  To c h e c k  t h a t  t h i s  w a s  n o t  t h e  c a u s e  o f  t h e  e x c e s s i v e  
l o a d  b e a r i n g  t e m p e r a t u r e s ,  t e s t s  were  r u n  w i t h  t h e  s e a l  
r u n n e r  r e p l a c e d  by  a m i l d  s t e e l  s p a c e r  r i n g  n o t  i n  c o n t a c t  
w i t h  t h e  s e a l .  No d i f f e r e n c e  i n  t h e  c o n d i t i o n  o f  t h e  l o a d  
b e a r i n g  w a s  o b s e r v e d .  

I 
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U s i n g  a c o o l i n g  f a n  d i r e c t e d  a t  t h e  l o a d  b e a r i n g ,  t h e  
r e c i r c u l a t i n g  r i g  w a s  o p e r a t e d  a t  p r o g r e s s i v e l y  h i g h e r  
s p e e d s  a n d  l o a d s  w i t h  t h e  maximum o i l  f l o w  p o s s i b l e  w i t h  
t h e  t e m p o r a r y  o i l  s y s t e m :  a p p r o x i m a t e l y  4 gpm t o  t h e  t e s t  
b e a r i n g  a n d  2 gpm t o  t h e  l o a d  b e a r i n g .  T h e  d e s i r e d  c o n d i -  
t i o n s  o f  1 4 , 0 0 0  rpm a n d  3 ,000 l b s .  t h r u s t  were  m a i n t a i n e d  
f o r  j u s t  o v e r  t e n  m i n u t e s  when a s u d d e n  i n c r e a s e  o f  t o r q u e  
a n d  a r i s e  i n  t h e  t e s t  b e a r i n g  o u t e r - r i n g  t e m p e r a t u r e  i n -  
d i c a t e d  i n c i p i e n t  b e a r i n g  s e i z u r e .  As t h e  s p e e d  w a s  b e i n g  
r e d u c e d ,  t h e  b e a r i n g  s e i z e d .  L a t e r  e x a m i n a t i o n  s h o w e d  
s e v e r e  s m e a r i n g  o f  t h e  b a l l s  and  t r a c k s ,  c o n s i s t e n t  w i t h  
t h a t  w h i c h  w o u l d  b e  e x p e c t e d  when a l l  b e a r i n g  c l e a r a n c e  
d i s a p p e a r e d .  

To d e t e r m i n e  i f  t o o  much o i l  w a s  b e i n g  s u p p l i e d  t o  t h e  
t e s t  b e a r i n g  c a u s i n g  e x c e s s i v e  c h u r n i n g  l o s s e s ,  t h e  f l o w  
w a s  g r a d u a l l y  r e d u c e d  f r o m  t h e  maximum when t h e  r i g  w a s  
o p e r a t i n g  a t  6000 r p m ,  r e s u l t i n g  i n  a r a p i d  i n c r e a s e  i n  t h e  
t e s t  b e a r i n g  o u t e r  r i n g  t e m p e r a t u r e s .  T h e  r e a s o n  f o r  t h i s  
w a s  f o u n d  when t h e  o i l  f l o w  f r o m  t h e  j e t s  w a s  o b s e r v e d  w i t h  
t h e  t e s t  r i g  p a r t i a l l y  d i s a s s e m b l e d .  A t  a n y  s e t t i n g  much 
b e l o w  t h e  maximum f l o w ,  t h e  j e t s  f a i l e d  t o  i m p i n g e  u p o n  t h e  
i n n e r  r i n g .  A l l  r e m a i n i n g  t e s t s  were c a r r i e d  o u t  a t  t h e  
maximum f l o w  a v a i l a b l e  f r o m  t h e  t e m p o r a r y  s y s t e m .  

I n c r e a s e d  d r a i n a g e  p r o v i s i o n s  a n d  t h e  u s e  o f  a s e p a r a t e  
s c a v e n g e  pump f o r  t h e  l o a d  b e a r i n g  p e r m i t t e d  f u r t h e r  r u n s  
i n  t h e  s p e e d  r a n g e  o f  13,000 t o  1 4 , 0 0 0  r p m ,  b u t  a t  t h i s  t i m e  
t h e  p r o b l e m s  w i t h  t h e  f l a t  b e l t  h a d  n o t  y e t  b e e n  r e s o l v e d  
a n d  t h i s  c a u s e d  d r i v e  p r o b l e m s .  

D u r i n g  some  o f  t h e s e  t e s t s  p l o t s  o f  t h e  p o w e r  c o n s u m p -  
t i o n  o f  t h e  D C  m o t o r  were m a d e , w h i c h  a r e  shown  i n  E n c l o s u r e  
38 ( t o g e t h e r  w i t h  o t h e r s  m a d e  d u r i n g  o p e r a t i o n  o f  t h e  o i l -  
m i s t  r i g  ) .  T h e  p l o t s  s h o w  t h a t  4 5  HP i s  r e q u i r e d  t o  d r i v e  
t h e  r e c i r c u l a t i n g  r i g  a t  a r i g  s p e e d  o f  1 4 , 0 0 0  rpm.  T h i s  
c o n f i r m s  t h e  r e q u i r e m e n t  o f  40 t o  4 5  HP e s t i m a t e d  a t  t h e  
d e s i g n  s t a g e ,  w h i c h  l e d  t o  s e l e c t i o n  o f  a 7 5  HP d r i v e .  
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R e c i r c u l a t i n g  r i g  o p e r a t i o n  w a s  s u s p e n d e d  w h i l e  t h e  7 5  HP 
d r i v e  a n d  t h e  s p e c i a l  Mone l  o i l  s y s t e m  were  i n s t a l l e d .  Mean-  
w h i l e ,  s t u d y  o f  t h e  r i g  o p e r a t i n g  p r o b l e m s  w a s  c o n t i n u e d  on  t h e  
o i l - m i s t  t e s t  r i g  t o  w h i c h  t h e  50 HP m o t o r  w a s  m o v e d .  F o r  t h i s  
r i g ,  t h e  e s t i m a t e d  p o w e r  c o n s u m p t i o n  w a s  l e s s  t h a n  f o r  t h e  
r e c i r c u l a t i n g  r i g ,  d u e  t o  t h e  e l i m i n a t i o n  o f  o i l  c h u r n i n g  f r i c -  
t i o n  l o s s e s ,  a n d  t h u s  t h e  50 HP m o t o r  w a s  e x p e c t e d  t o  b e  a d e -  
q u a t e .  T h i s  was  c o n f i r m e d  b y  t h e  p o w e r  c o n s u m p t i o n  c u r v e s  i n  
E n c l o s u r e  38 p l o t t e d  f o r  t h e  o i l  m i s t  r i g ,  b o t h  w i t h  a n d  w i t h o u t  
t h e  l o a d  b e a r i n g ,  t a k e n  l a t e r  when t h e  t e s t  b e a r i n g  was m i s t  
l u b r i c a t e d .  

The mist  r i g  l o a d  bearing mount  and housing were modif ied 
from the  o r i g i n a l  des ign  t o  that  shown i n  Enclosure 4 .  t o  pro- 
v i d e  underrace c o o l i n g  f o r  the  inner r i n g s .  O i l  suppl ied  through 
three  j e t s  i s  c o l l e c t e d  by a scoop o n  t h e  s h a f t  a n d  pumped b y  
c e n t r i f u g a l  a c t i o n  t o  the bore of the  loaded inner-ring h a l f .  
The f eed  h o l e s  are  s o  pos i t ioned  t h a t  one t h i r d  o f  the  t o t a l  o i l  
p a s s e s  between the two h a l v e s  o f  the  inner r i n g s ,  i n t o  the  bear- 
i n g  a n d  one t h i r d  f l o w s  o v e r  each end f a c e  t o  provide uniform 
c o o l i n g .  U s i n g  t h i s  c o o l i n g  s y s t e m ,  t h e  r i g  w a s  r u n  a t  p r o g r e s -  
s i v e l y  i n c r e a s i n g  s p e e d s  u p  t o  13 ,000  r p m  a t  2 6 0 0  l b s .  t h r u s t  
f o r  O v e r  two h o u r s .  T h e  o u i e r - r i n g  t e m p e r a t u r e  o f  t h e  l o a d  
b e a r i n g  ( a b o u t  3 3 O o F )  w a s  h i g h e r  t h a n  f o u n d  w i t h  t h e  o r i g i n a l  
c o o l i n g  a r r a n g e m e n t ,  b u t  t h e  b e a r i n g  g a v e  n o  i n d i c a t i o n s  o f  
d i s t r e s s .  S t r i p  down a n d  s u b s e q u e n t  e x a m i n a t i o n  r e v e a l e d  t h e  
b e a r i n g  w a s  i n  e x c e l l e n t  c o n d i t i o n .  T h u s  t h e  l o a d  b e a r i n g  w a s  
f o u n d  t o  o p e r a t e  s a t i s f a c t o r i l y  w i t h  u n d e r r a c e  c o o l i n g  b e c a u s e  
t h e  i n n e r  r a c e  r e c e i v e s  b e t t e r  c o o l i n g  ( s o m e w h a t  a t  t h e  e x p e n s e  
o f  t h e  o u t e r  r a c e . )  

A f t e r  r e a s s e m b l y ,  t h e  o i l - m i s t  r i g  w a s  b r o u g h t  u p  t o  f u l l  
s p e e d  a n d  f u l l  l o a d ,  o v e r  a p e r i o d  o f  o n e  h o u r ;  a n d  r u n  f o r  
o v e r  f o u r  h o u r s  a t  t h o s e  c o n d i t i o n s ,  u n t i l  s h u t d o w n  was c a u s e d  
b y  d i s i n t e g r a t i o n  o f  t h e  d r i v e  b e l t .  S u b s e q u e n t  e x a m i n a t i o n  
s h o w e d  t h a t  a l l  b e a r i n g  a n d  s e a l  c o m p o n e n t s  were i n  g o o d  c o n -  
d i t i o n .  T h e  l u b r i c a t i o n  o f  a l l  b e a r i n g s  i n  t h i s  s u c c e s s f u l  
t e s t  was s t i l l  f u r n i s h e d  b y  t h e  t e m p o r a r y  m i n e r a l  o i l  j e t  
l u b r i c a t i o n  s y s t e m  i n t e n d e d  t o  be u s e d  l a t e r  o n l y  f o r  t h e  
l u b r i c a t i o n  o f  t h e  j a c k s h a f t  and l o a d  b e a r i n g s .  
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L e a k a g e  f r o m  t h e  l o a d  b e a r i n g  h o u s i n g  h a s  r e m a i n e d  a p r o -  
b l em.  a g g r a v a t e d  b y  b u l k  s p i l l a g e  w h e n  t h e  r i g  c o m e s  t o  r e s t  
d u e  t o  t h e  l o s s  o f  t h e  c e n t r i f u g a l  p u m p i n g  a c t i o n  o f  t h e  l o a d  
b e a r i n g  a s s e m b l y .  I t  i s  p o s s i b l e  t o  e l i m i n a t e  t h e  s p i l l a g e  by  
p r o v i d i n g  f o r  a s o l e n o i d  v a l v e  i n  t h e  o i l  s u p p l y  l i n e .  c o n t r o l l e d  
by  a c e n t r i f u g a l  s w i t c h .  b u i l t  i n t o  o n e  c b a n n c l  o f  t h e  m e r c u r y  
s l i p  r i n a  u n i t  w h i c h  w o u l d  c u t  o f f  a l l  h u t  a s m a l l  o i l  f l o w  o n c e  
t + e  s h a f t  s p e e d  h a d  f a l l e n  b e l o w  500 rpm.  H o w e v e r .  t h e  t e s t s  
i n  t h e  n e a r  f u t u r e  w i l l  be r u n  w i t h  t h e  e n t i r e  l o a d  b e a r i n g  
a r r a n g e m e n t  r e m o v e d  ( s e e  p a a e  10) i n  f a v o r  o f  p n e u m a t i c  l o a d i n g .  
t h u s  e l i m i n a t i n g  t h e  l o a d  h e a r i n g  l u b r i c a t i o n  p r o b l e m .  

W i t h  t h e  c o m p l e t i o n  o f  t h e  i n s t a l l a t i o n  o f  t h e  75 Hi' m o t o r  
a n d  t h e  M o n e l  o i l  s y s t e m  f o r  t h e  r e c i r c u l a t i n g  r i g .  s h a k e d o w n  
t e s t i n g  c o n t i n u e d  o n  t h e  t w o  rigs s i m u l t a n e o u s l y ,  e a c h  w i t h  i t s  
own s p e c i a l  t e s t  b e a r i n g  l u b r i c a t i o n  s y s t e m .  F o r  c l a r i t y .  t e s t  
s e r i e s  o f  t h e  t w o  r i g s  will be d i s c u s s e d  s e p a r a t e l y .  

C. O i l - m i s t  R i g  T e s t s  - F i n a l  M i s t  L u b r i c a t i n g  S y s t e m  

H a v i n g  e s t a b l i s h e d  t h a t  t h e  o i l - m i s t  t e s t  r i g  w a s  b a s i c a l l y  
o p e r a b l e .  c o n v e r s i o n  w a s  made t o  t h e  l a r g e  r i g  o i l - m i s t  l u b r i c a -  
t i o n  s y s t e m  u s i n g  a i r  a n d  m i n e r a l  o i l .  S t a t i c  t e s t s  were f i r s t  
c o n d u c t e d  t o  e s t a b l i s h  t h a t  o i l  f r o m  t h e  s u p p l y  t a n k  o f  t h e  mist 
g e n e r a t o r  w a s  s a t i s f a c t o r i l y  m i s t e d  a n d  t r a n s p o r t e d  i n  mist  f o r m  
t o  t h e  t e s t  b e a r i n g  r e g i o n  a n d  t h a t  i t  w e t t e d - o u t  w e l l  o n  t h e  
b e a r i n 2  E - ~ F ~ ~ ~ S P S  trpc:: r z e l a s s i f i c a i  i o n  b y  t h e  n o z z l e s .  T h e s e  
t e s t s  s h o w e d  s u c c e s s f u l  s p e r ~ t i o n .  T h e  l a r g e  r i g  m i s t o r  w a s  t h e n  
c l e a n e d  o u t  a n d  f i l l e d  w i t h  Esso l u r b o  4040  a n d  t h e  n i t r o g e n  
s u p p l y  sys t em w a s  c o n n e c t e d  u p .  T h e  s u p p l y  c h a r a c t e r i s t i c s  o f  
t h i s  o i l - m i s t  g e n e r a t o r  i n  t + e  t e s t  r i g  w i t h  t h i s  o i l  a r e  s h o w n  
i n  E n c l o s u r e  10. T e s t i n g  t h e n  c o m n e n c e d  w i t h  t h i s  o i l - m i s t  
l u b r i c a t i o n  u s i n g ,  f o r  t h e  f i r s t  t ime a n  a c t u a l .  r a t h e r  t h a n  a 

s e t - u p " .  t e s t  b e a r i n g  o f  t h e  459981A d e s i g n .  (See  E n c l o s u r e  2 5 )  
T h i s  b e a r i n g  h a s  hi-50 r i n g s  a n d  b a l l s ,  a n d  s i l v e r  p l a t e d  M - 1  o u t e r  
l a n d  r i d i n g  c a g e .  A f t e r  a s h o r t  r u n  o f  15 m i n u t e s  a t  4000 rpm 
a n d  1000 l b s .  t h r u s t  l o a d .  t h e  r i g  w a s  s t o p p e d  a n d  t h e t e s t  b e a r -  
i n g  i n s p e c t e d .  I t  a p p e a r e d  i n  g o o d  c o n d i t i o n  a n d  h a d  a n  o i l y  
a p p e a r a n c e  i n d i c a t i v e  t h a t  t h e  o i l  n i s t  w a s  r e a c h i n g  t h e  b e a r i n g  
a n d  w e t t i n g  o u t .  T h e  r i g  r o l l e r  b e a r i n g  a t  t h i s  t ime o n l y  re- 
c e i v e d  l u b r i c a t i o n  b y  way  o f  t h e  o v e r s p i l l  o f  mist  f r o m  t h e  t e s t  
b e a r i n g  b u t  it, t o o ,  s h o w e d  e v i d e n c e  o f  a n  a d e q u a t e  s u p p l y .  T h e  
t e s t  w a s  r e p e a t e d  a t  6000 r p m .  f o r  t h i r t y  m i n u t e s  w i t h  t h e  s a m e  
r e s u l t s  u p o n  i n s p e c t i o n .  b u t  a l o a d  b e a r i n g  f a i l u r e  o c c u r r e d  w h e n  
a t t e m p t i n g  t h e  n e x t  r u n  a t  8000 r p m , a f t e r  4 5  m i n u t e s  o f  o p e r a t i o n .  
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E x a m i n a t i o n  o f  t h e  f a i l e d  b e a r i n g  s h o w e d  t h a t  a l l  i n t e r n a l  
c l e a r a n c e  h a d  b e e n  t a k e n  u p  a n d  s u g g e s t e d  a s  a c a u s e  i n a d e -  
q u a t e  c o o l i n g  o f  t h e  l o a d  b e a r i n g  d u e  t o  c o n t i n u i n g  u n d e r r a c e  
c o o l i n g  p r o b l e m s ,  a s  d i s c u s s e d  p r e v i o u s l y  i n  t h i s  r e p o r t .  

A t  t h i s  t i m e ,  t h e  f i n a l  n i t r o g e n  b l a n k e t i n g  a n d  c o o l i n g  s y s t e m  
d e s i g n e d  s p e c i f i c a l l y  f o r  t h e  t a s k ,  b e c a m e  o p e r a b l e  a n d  s o  t h e  t e s t s  
were r e p e a t e d  u s i n g  n i t r o g e n  f o r  b o t h  o i l - m i s t  g e n e r a t i o n  a n d  f o r  
e x t r a  c o o l i n g  f l o w  o v e r  t h e  b e a r i n g .  A t e s t  b e a r i n g  t y p e  4 5 9 9 8 1 A  
was  u s e d ,  h a v i n g  M-50 r i n g s  a n d  b a l l s  a n d  a s i l v e r  p l a t e d  o u t e r - l a n d  
g u i d e d  M - 1  c a g e .  C o o l i n g  a i r  was a l s o  f o r c e d  t h r o u g h  t h e  h o l l o w  
t e s t  s h a f t  t o  h e l p  p r e v e n t  o v e r h e a t i n g  o f  t h e  i n n e r  r i n g .  Af t e r  t w o  
h o u r s  o f  s a t i s f a c t o r y  o p e r a t i o n  a t  6000 rpm a n d  1000 l b s .  t h r u s t ,  
t h e  o u t e r - r i n g  t e m p e r a t u r e s  o f  t h e  t e s t  a n d  r o l l e r  b e a r i n g s  were r e -  
l a t i v e l y  l o w  a n d  s o  b o t h  t h e  s u p p l y  o f  o i l  m i s t  a n d  t h e  c o o l i n g  n i -  
t r o g e n  were g r a d u a l l y  c u t  b a c k  f r o m  100 s c f m  t o  60 s c f m  t o t a l  ( o f  
w h i c h  t h e  n i t r o g e n  t o  t h e  m i s t  g e n e r a t o r  was  r e d u c e d  f r o m  50 s c f m  
t o  5 s c f m )  a n d  a s  e x p e c t e d  t h e r e  was  a s l i g h t  i n c r e a s e  i n  t h e  b e a r -  
i n g  t e m p e r a t u r e s .  As t h i s  n i t r o g e n  f l o w  t o  t h e  o i l  m i s t  g e n e r a t o r  
was  b e i n g  c u t  b a c k  t o  5 s c f m ,  t h e  m i s t  e x h a u s t  c o m i n g  f r o m  t h e  o u t -  
d o o r  s t a c k  c e a s e d  t o  b e  v i s i b l e ,  w h i c h  was  l a t e r  f o u n d  t o  b e  d u e  t o  
a c u t o f f  i n  t h e  o i l  s u p p l y  w i t h i n  t h e  m i s t  g e n e r a t o r  c a u s e d  b y  a 
l a c k  o f  v e n t u r i l i f t  a t  t h e  l o w  f l o w  r a t e  a t  t h e  p a r t i c u l a r  p r e s s u r e  
p r e v a i l i n g  w i t h i n  t h e  m i s t  g e n e r a t o r .  T h e  b e a r i n g s  c o n t i n u e d  t o  
f u n c t i o n  h o w e v e r ,  d e s p i t e  a f u r t h e r  t u r n d o w n  n f  t h e  t o t a l  n i t r o g e n  
f l o w  t o  4 5  s c f m ,  u n t i l  a s h a r p  r i s e  i o  f r i c t i o n  o f  * L ^  L I I ~  t e s t  b e a r i n g  
t e r m i n a t e d  t h e  t e s t  a f t e r  a t o t a l  o f  a l m o s t  s e v e n  b u r s  o f  o p e r a t i o n ,  
t h e  l a s t  t h r e e  o f  w h i c h  h a d  b e e n  a p p a r e n t l y  w i t h o u t  e f f e c t i v e  o i l -  
m i s t  ~ ” ! ~ p l y ;  S u h s e q u e n t  e x a m i n a t i o n  o f  t h e  t e s t  b e a r i n g  r e v e a l e d  
t h e  i n n e r  a n d  o u t e r  r a c e s  w e r e  n o t  s e r i o u s l y  d a m a g e d  b u t  t h e  b a l l  
c o m p l e m e n t  h a d  b e c o m e  t e m p e r a t u r e  d i s c o l o r e d  a n d  t h e  c a g e  b a l l  p o c k e t s  
a n d  o n e  l a n d  were s e v e r e l y  s m e a r e d .  

T h e  e v i d e n c e  s u g g e s t e d  t h a t  t h e  l a c k  o f  l u b r i c a n t  m a n i f e s t e d  
i t s e l f  i n i t i a l l y  i n  t h e  s l i d i n g  c o n t a c t s  o c c u r r i n g  b e t w e e n  t h e  b a l l s  
a n d  t h e  c a g e  p o c k e t s  a n d  t h e  c a g e  l a n d s  r a t h e r  t h a n  a t  t h e  r o l l i n g  
a n d  s p i n n i n g  b a l l - r a c e  c o n t a c t s .  T h e  c o n d i t i o n s  o f  t h e  a c t i v e  s u r -  
f a c e s  o f  t h i s  b e a r i n g  i s  s h o w n  i n  E n c l o s u r e  3 9 .  

A f t e r  e s t a b l i s h i n g  t h e  c u t - o f f  c h a r a c t e r i s t i c s  o f  t h e  o i l - m i s t  
g e n e r a t o r  f o r  t h e  m i n e r a l  o i l  u sed  ( S e e  E n c l o s u r e  38)  a f u r t h e r  t e s t  
was  r u n  u s i n g  a n e w  t e s t  b e a r i n g  o f  t h e  s a m e  d e s i g n  ( 4 5 9 9 8 1 A )  u n d e r  
c o n d i t i o n s  o f  s l o w l y  i n c r e a s i n g  s p e e d  a n d  l o a d .  T h e  f l o w  r a t e  t h r o u g h  
t h e  m i s t  g e n e r a t o r  w a s  h e l d  a t  20 s c f m  t h r o u g h o u t  t h e  t e s t ,  a s  t h i s  
f i g u r e  w a s  s a f e l y  a b o v e  t h e  c u t - o f f  p o i n t  a n d  was p r e d i c t e d  t o  y i e l d  
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0 .006  l b s / m i n  o f  o i l  a t  t h e  t e s t  b e a r i n g .  A f u r t h e r  20 s c f m  
o f  n i t r o g e n  was a l s o  s u p p l i e d  d i r e c t l y  a t  t h e  b e a r i n g  t h r o u g h  t h e  
c o o l i n g  n o z z l e  s y s t e m .  T h e  t e s t  p r o c e e d e d  u p  t o  a s p e e d  o f  9 ,600  
rpm a n d  a t h r u s t  o f  a p p r o x i m a t e l y  1 ,800 l b s .  w i t h  t h e  o u t e r  r i n g  
t e m p e r a t u r e  o f  t h e  l o a d ,  r o l l e r  a n d  t e s t  b e a r i n g s  e a c h  b e i n g  a b o u t  
240°F d e s p i t e  t h e i r  v e r y  d i f f e r e n t  l u b r i c a t i o n  c o n d i t i o n s .  A f t e r  
t w e n t y  m i n u t e s  a t  t h i s  c o n d i t i o n  t h e  o u t e r - r i n g  t e m p e r a t u r e s  o f  
b o t h  t h e  r o l l e r  a n d  t h e  t e s t  b e a r i n g s  i n c r e a s e d  r a p i d l y ,  r i g  s e i z u r e  
o c c u r r i n g  a s  t h e  s p e e d  was b e i n g  r e d u c e d .  S u b s e q u e n t  e x a m i n a t i o n  
s h o w e d  t h e  t e s t  b e a r i n g  h a d  s u f f e r e d  s m e a r i n g  o f  t h e  l o a d e d  h a l f  o f  
t h e  i n n e r  r i n g  w i t h  t h e  a p p a r e n t  t r a n s f e r  o f  s i l v e r  f r o m  t h e  c a g e  
p o c k e t s  v i a  t h e  b a l l s  t o  t h e  i n n e r  r i n g .  L a r g e  b r i n e 1 1  m a r k s  a t  
t h e  e x a c t  b a l l  s p a c i n g  a l l  a r o u n d  t h e  o u t e r  r a c e  s u g g e s t e d  t h a t  c a g e  
s e i z u r e  o c c u r r e d ,  p r e v e n t i n g  t h e  b a l l s  f r o m  r o l l i n g ,  a n d  s o  t h e  b a l l s  
h a d  p r o d u c e d  t h e  w e a r  m a r k s  b y  r o t a t i n g  o n  a f i x e d  s p o t .  E x a m i n a -  
t i o n  o f  t h e  s e v e r e l y  w o r n  c a g e  p o c k e t s  a n d  t h e  s m e a r e d  c o n d i t i o n  o f  
o n e  g u i d e  l a n d  t e n d e d  t o  c o n f i r m  t h i s .  

T h e  f a c t  t h a t  t h e  u n l o a d e d  i n n e r  r i n g  h a l f  s h o w e d  no  s i g n  o f  
c o n t a c t ,  e l i m i n a t e d  t h e  l o s s  o f  i n t e r n a l  b e a r i n g  c l e a r a n c e  a s  a p o s s i -  
b l e  c a u s e  o f  f a i l u r e .  H o w e v e r ,  t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  t h e  
c a g e  t o  o u t e r  r i n g  l a n d  c l e a r a n c e  w a s  l o s t  d u e  t o  h i g h  c a g e  t e m p e r a -  
t u r e .  

D .  F i n a l  M i s t  R i g  S h a k e d o w n  - MIL-L-7808E f l u i d  - No h e a t  

A f t e r  m o d i f i c a t i o n  o f  t h e  t e s t  r i g  t o  t h e  p n e u m a t i c  l o a d i n g  
a r r a n g e m e n t  d i s c u s s e d  e a r l i e r  i n  t h i s  r e p o r t  ( p a g e  l o ) ,  a s e r i e s  o f  
t e s t s  c u l m i n a t i n g  i n  o n e  a t  f ~ 1 1  1 n 3 ~  3 n d  p . . 1 1  - - - - J  * . . L - -  _ _  - I  - ” .. 111 u u b . 
I n  t h i s  t e s t ,  t h e  r i g  was  r u n  a t  1 4 , 0 0 0  rpm a n d  3 , 2 8 0  l b s  t h r u s t ,  
w i t h  MIL-L-7808E,  u s i n g  o i l - m i s t  l u b r i c a t i o n  a n d  a 100 p s i  p r e s s u r e  
d i f f e r e n t i a l  a c r o s s  t h e  t e s t  s e a l  p a i r ,  b u t  w i t h  no  e x t e r n a l  h e a t -  
i n g .  A f t e r  a n  h o u r  u n d e r  t h e  maximum c o n d i t i o n s ,  d i s t r e s s  i n  t h e  
r o l l e r  b e a r i n g  c a u s e d  a s h u t d o w n .  T h i s  r o l l e r  b e a r i n g  was  o f  a 
s t a n d a r d  a i r c r a f t  t y p e  i n  c u r r e n t  m a n u f a c t u r e ,  n o t  o n e  o f  t h e  s p e c i a l  
r o l l e r  b e a r i n g s  d e s i g n e d  f o r  t h e  p r o j e c t .  
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I 

A l l  u n h e a t e d  c h e c k - o u t  t e s t i n g  o f  b o t h  r i g s  w a s  c o n -  
d u c t e d  w i t h  t h e s e  s t a n d a r d  r o l l e r  b e a r i n g s  , w h i c h  d i f f e r  
f r o m  t h e  s p e c i a l  r o l l e r  b e a r i n g s  m a n u f a c t u r e d  f o r  t h i s  
p r o j e c t  i n  t h a t  i t  ( t h e  s t a n d a r d  b e a r i n g )  h a s  a r o u n d  o u t e r  
r i n g ,  w h e r e a s  t h e  s p e c i a l  b e a r i n g  h a s  a n  o u t - o f - r o u n d  o u t e r  
r i n g  c o m p u t e d  t o  p r e v e n t  r o l l e r - r a c e  s k i d d i n g  a t  t h e  h i g h  
d e s i g n  s p e e d  a n d  n o m i n a l  r o l l e r - b e a r i n g  l o a d s  i n  t h e  t e s t  
r i g s  ( 1 ) .  T h e s e  s t a n d a r d  b e a r i n g s  p e r f o r m e d  e n t i r e l y  s a t -  
i s f a c t o r i l y  f o r  many h o u r s  r u n n i n g  a t  1 2 - 1 3 , 0 0 0  r p m ,  a s  w e l l  
a s  f o r  some s h o r t  p e r i o d s  a t  1 4 , 0 0 0  r p m ,  w i t h  t h e  l o a d  b e a r -  
i n g  a r r a n g e m e n t  i n  t h e  r i g s  shown i n  E n c l o s u r e  4 .  T h e  
s m e a r i n g  f a i l u r e  o f  t h i s  b e a r i n g  d e s c r i b e d  a b o v e  o c c u r r e d  
when t h e  m i s t  r i g  w a s  r u n  f o r  t h e  f i r s t  t ime  w i t h o u t  t h e  
l o a d  b e a r i n g  i n s t a l l e d ,  a s  s h o w n  i n  E n c l o s u r e  5 .  I t  i s  c o n -  
j e c t u r e d  t h a t  t h e  w e i g h t  o f  t h e  l o a d  b e a r i n g  h o u s i n g  a n d  i t s  
f i x t u r e s  p r o d u c e d  s u f f i c i e n t  r a d i a l  l o a d  on  t h e  r o l l e r  b e a r -  
i n g  i n  t h e  e a r l y  t e s t s  t o  p r e v e n t  g r o s s  r o l l e r  s k i d d i n g  ( a n d  
t h e  a t t e n d e n t  s m e a r i n g ) ,  w h e r e a s  w i t h o u t  t h i s  w e i g h t ,  ex- 
c e s s i v e  s k i d d i n g  o c c u r s  w i t h  t he  s t a n d a r d  b e a r i n g  d e s i g n ,  
T h e  o u t - o f - r o u n d  o u t e r  r i n g  d e s i g n  o f  t h e  s p e c i a l  b e a r i n g ,  
t h e r e f o r e ,  s h o u l d  r e m e d y  t h i s  s i t u a t i o n  b y  p r o v i d i n g  s u f f i -  
c i e n t  t r a c t i o n  a t  t h e  s m a l l  d i a m e t e r  o f  t h e  o u t e r  r i n g  t o  
p r e v e n t  r o l l e r  s k i d d i n g .  

E a r l y  t e s t i n g  o f  t h e  s p e c i a l  r o l l e r  h e a r i n g  ir! t h e  
c i r c u l a t i n g  r i g  ( t o  b e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n  o f  
t h i s  r e p o r t )  s h o w e d  u n u s u a l l y  h e a v y  c o n t a c t  o n  t h e  r o l l e r  
a n d  r a c e  t r a c k s ,  w i t h  a l l  o f  t he  b l a c k  o x i d e  c o a t i n g  com- 
p l e t e l y  r e m o v e d  f r o m  t h e  r o l l e r  p a t h s  a n d  r o l l e r  O D ' s  a f t e r  
o n l y  s h o r t  r u n n i n g  p e r i o d s .  N o  s m e a r i n g  o c c u r r e d  o n  a n y  
c o n t a c t i n g  s u r f a c e s  ( e v e n  t h o u g h  t h e  r o l l e r - e n d s ,  f l a n g e s ,  
a n d  c a g e  p o c k e t s  s h o w e d  h e a v y ,  s o m e t i m e s  u n e v e n  c o n t a c t ,  a s  
d i s c u s s e d  l a t e r ) ,  s o  t h e  b e a r i n g  s e e m e d  t o  b e  b a s i c a l l y  o p e r -  
a b l e .  H o w e v e r ,  when t h i s  s p e c i a l  r o l l e r  b e a r i n g  w a s  u s e d  i n  
t h e  m i s t  r i g ,  r e p l a c i n g  t h e  s m e a r e d  s t a n d a r d  b e a r i n g  d i s c u s s e d  
a b o v e ,  two  c a t a s t r o p h i c  s m e a r i n g  f a i l u r e s  o c c u r r e d  a f t e r  o n l y  
s h o r t  t e s t  r u n s .  I t  i s  b e l i e v e d  t h a t  t h e s e  f a i l u r e s  were d u e  
t o  t h e r m a l  t a k e - u p  o f  a l l  i n t e r n a l  c l e a r a n c e ,  l e a d i n g  t o  o v e r -  
l o a d i n g  o f  t h e  r o l l i n g  e l e m e n t s .  

T h e  r a d i a l  l o o s e n e s s  o f  t h e  s p e c i a l  r i g  r o l l e r  b e a r i n g  
i s  now b e i n g  e x a m i n e d  a n d  may be i n c r e a s e d  t o  e l i m i n a t e  t h e  
p r o b l e m .  
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E .  R e c i r c u l a t i n g  R i a  T e s t s  - F i n a l  O i l  S y s t e m  

T h e  f i n a l  o i l  c i r c u l a t i n g  s y s t e m  f o r  t h e  r e c i r c u l a t i n g  
r i g  was  i n s t a l l e d  a n d  a s t a t i c  o i l  h e a t i n g  t e s t  c a r r i e d  o u t .  
I t  s h o w e d  t h e  s y s t e m  t o  b e  o p e r a b l e .  

T h e  f i r s t  r u n n i n g  t e s t  e m p l o y e d  a p r o v i s i o n a l  t e s t  
b e a r i n g  h a v i n g  s t a n d a r d  f i n i s h e d  M-50 r i n g s ,  s t a b i l i z e d  5 2 1 0 0  
b a l l s  a n d  a s i l v e r  p l a t e d  s i l i c o n - i r o n - b r o n z e  c a g e .  T h e  t e s t  
w a s  made  w i t h  E s s o  T u r b o  4 0 4 0  o i l  t o  MIL-L-7808E s p e c i f i c a -  
t i o n  a t  a n  o i l  i n l e t t e m p e r a t u r e  o f  4 5 0 ° F  w h i c h  r o s e  g r a d u a l l y  
t o  a n  i n t e n d e d  500°F a s  t h e  r ig  s p e e d  was  i n c r e a s e d p r o g r e s s -  
i v e l y  u p  t o  10 ,000  r p m  a t  a t h r u s t  l o a d  o f  a p p r o x i m a t l y  
2 , 4 0 0  l b s .  T h e  t e s t  was  t e r m i n a t e d  a f t e r  t w o  h o u r s  r u n n i n g  
t i m e  b y  t h e  l o a d  b e a r i n g  t e m p e r a t u r e  e x c e e d i n g  i t s  p r e s e t  
l i m i t  o f  3 0 0 ° F ,  a n d  c a u s i n g  a n  a u t o m a t i c  s h u t d o w n .  E x a m i n a -  
t i o n  o f  t h e  t e s t  b e a r i n g  a n d  t h e  s p e c i a l  o u t - o f - r o u n d  r i g  
r o l l e r  b e a r i n g  ( N o .  4 5 9 9 8 2 )  d e s i g n e d  f o r  t h i s  t a s k ,  r e v e a l e d  
n o  s i g n s  o f  d i s t r e s s  i n  t h e  t e s t  b e a r i n g .  The  r o l l e r  b e a r i n g ,  
h o w e v e r ,  i n d i c a t e d  c o n s i d e r a b l e  s e v e r i t y  o f  f l a n g e  t o  r o l l e r  
c o n t a c t  . 

rZ t . t empt s  t o  r e p e a t  i i ie a b o v e  t e s t  u s i n g  a f i n a l  d e s i g n  
t e s t  b e a r i n g  ( N o .  4 5 9 9 8 1 A )  w e r e  i m p e d e d  by  e l e c t r i c a l  c o n t r o l  
p r o b l e m s .  T h e  t e s t  was  e v e n t u a l l y  s t a r t e d  w i t h  t h e  o i l - i n l e t  
t e m p e r a t u r e  a t  4 0 0 ° F  w h i c h  i n c r e a s e d  t o  4 6 0 ° F  d u e  t o  m e c h a n i -  
c a l  p o w e r  i n p u t  t o  t h e  t e s t  r i g  b y  t h e  t i m e  t h e  s h a f t  s p e e d  
w a s  u p  t o  8000 rpm.  A s e i z u r e  o c c u r r e d  a s  t h e  s p e e d  was  b e i n g  
r a i s e d  t o  10,000 rpm.  A d e t a i l e d  e x a m i n a t i o n  s h o w e d  s e v e r e  
l o c a l  w e a r  o n  t h e  o u t e r  r a c e  g r o o v e  o f  t h e  t e s t  b e a r i n g  a n d  a 
u n i f o r m l y  s m e a r e d  i n n e r  r i n g .  T h e  c a g e  b a l l  p o c k e t s  were 
s e v e r e l y  s m e a r e d  a n d  o n e  c a g e  l a n d  h a d  s m e a r e d  w h i l e  t h e  o t h e r  
a p p e a r e d  a l m o s t  u n w o r n .  

I n  o n e  t e s t  o f  o v e r  8 h o u r s  t o t a l  d u r a t i o n ,  f u l l  s p e e d  
a n d  l o a d  were a c h i e v e d  f o r  a s h o r t  p e r i o d  b e f o r e  t h e  r i g  w a s  
s t o p p e d  a u t o m a t i c a l l y  by  e x c e s s i v e  l o a d  b e a r i n g  t e m p e r a t u r e .  
T h e  t e s t  b e a r i n g  f r o m  t h i s  t e s t  w a s  i n  g o o d  c o n d i t i o n  a n d  i s  
s h o w n  i n  E n c l o s u r e  4 1 .  

T h i s  w a s  t h e  l a s t  t e s t  o f  a n y  s i g n i f i c a n t  d u r a t i o n  on  
t h e  r e c i r c u l a t i n g  r i g .  T h i s  r i g  h a s  s i n c e  e s s e n t i a l l y  o n l y  
b e e n  u s e d  f o r  s h o r t  l o w - s p e e d  t e s t i n g  o f  t h e  t e s t  a i r  l a b y r i n t h  
a s  d e s c r i b e d  i n  t h e  S e c t i o n  on  T e s t  R i g s  e a r l i e r  i n  t h i s  
r e p o r t  . 
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T e s t  S e a l s  

D u r i n g  t h e  i n i t i a l  s t a g e s  o f  t h e  s h a k e d o w n  t e s t i n g  
when n o  d i f f e r e n t i a l  g a s  p r e s s u r e s  were m a i n t a i n e d  a c r o s s  
t h e  f i r s t  g e n e r a t i o n  t e s t  s e a l s ,  n o  m a l f u n c t i o n  o f  a n y  t y p e  
w a s  o b s e r v e d .  T h e  s e a l  r u n n e r s  i n v a r i a b l y  s h o w e d  h i g h l y  
p o l i s h e d  a n n u l a r  r i n g s  o n  t h e i r  l a p p e d  c h r o m i u m  s u r f a c e s .  
T h e  c a r b o n  s e a l  f a c e s  a l s o  d e v e l o p e d  a u n i f o r m  p o l i s h e d  
a p p e a r a n c e  o v e r  t h e  e n t i r e  s u r f a c e  o f  t h e  d a m ,  a n d  a l s o  
o v e r  p a r t s  o f  t h e  p a d s  f l a n k i n g  e a c h  s i d e  o f  t h e  dam.  

D i s c o l o r a t i o n  o f  t h e  c o n i c a l  b a c k  o f  t h e  r u n n e r s  i n -  
d i c a t e d  t h a t  a t e m p e r a t u r e  r i s e  h a d  o c c u r r e d  d u r i n g  o p e r a -  
t i o n  a s  e x p e c t e d .  

A f t e r  t h e  a p p l i c a t i o n  o f  n i t r o g e n  a n d  a i r  p r e s s u r e s  t o  
m a i n t a i n  t h e  s t i p u l a t e d  100 p s i  d i f f e r e n t i a l  p r e s s u r e  a c r o s s  
t h e  s e a l  p a i r ,  t o t a l  l e a k  r a t e s  o f  t h e  n i t r o g e n  f r o m  t h e  
c a v i t y  b e t w e e n  t h e  s e a l s  was  m e a s u r e d .  G e n e r a l l y  t h i s  t o t a l  
l e a k  r a t e  w a s  6 s c f m  o r  l e s s ,  w h i c h  i s  an a c c e p t a b l e  q u a n t i t y  
f o r  l o w  t e m p e r a t u r e  o p e r a t i o n .  A p p r e c i a b l y  h i g h e r  s e a l  l e a k -  
a g e s  h a v e  b e e n  f o u n d  d u r i n g  t h e  i n i t i a l  p r e s s u r i z e d  r u n s  o f  
t h e  o i l - m i s t  r i g ,  a n d  were r e d u c e d  b y  r e l a p p i n g  b o t h  t h e  s e a l  
r u n n e r s  a n d  t h e  c a r b o n s .  T h e  g o o d  c o n d i t i o n  o f  t h e  o i l  s i d e  
t e s t  s e a l  a f t e r  a r u n  o f  e i g h t  h o u r s  d u r a t i o n ,  a t  s p e e d s  u p  t o  
1 4 , 0 0 0  rpm i n  u n h e a t e d  E s s o  T u r b o  4 0 4 0  o i l ,  i s  s h o w n  i n  
E n c l o s u r e  4 2 .  

T h e  a p p l i c a t i o n  o f  400OF h o t  a i r  t o  t h e  b a c k  o f  t h e  
a i r  s e a l  h a d  n o  d e t e c t a b l e  e f f e c t  u p o i l  t h e  l e a k  r a t e .  

Summary  o f  T e s t s  

A t o t a l  r i g  o p e r a t i n g  t i m e  o f  a p p r o x i m a t e l y  160 h o u r s  
h a s  b e e n  a c c u m u l a t e d  t o  d a t e  d u r i n g  s h a k e d o w n  t e s t i n g .  T h i s  
t ime h a s  b e e n  d i v i d e d  a l m o s t  e q u a l l y  b e t w e e n  t h e  two  t e s t  
r i g s ,  t h e  r e c i r c u l a t i n g  o i l  r i g  h a v i n g  s l i g h t l y  t h e  g r e a t e r  
t i m e .  

R e v i e w i n g  t h e  s h a k e d o w n  t e s t i n g  p e r f o r m e d  t o  d a t e  
a g a i n s t  t h e  d e b u g g i n g  p r o g r a m  p l a n  o u t l i n e d  e a r l i e r  i n  t h i s  
r e p o r t ,  i t  c a n  b e  seen t h a t  t h e  t e s t  r i g s  h a v e  b e e n  o p e r a t e d  
" c o l d "  a t  f u l l  l o a d  a n d  s p e e d  f o r  p e r i o d s  o f  s o m e t h i n g  l e s s  
t h a n  t h e  d e s i r e d  t h r e e  h o u r s .  
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T h e  f a c t  t h a t  t h e  l a s t  t e s t  r e p o r t e d  o n  t h e  o i l - m i s t  
r i g  w a s  t e r m i n a t e d  b y  a f a i l u r e  o t h e r  t h a n  t h e  t e s t  b e a r i n g  
i s  s i g n i f i c a n t ,  h o w e v e r ,  a n d  t h e  l o w  o u t e r - r i n g  t e m p e r a t u r e  
o f  275OF a t  f u l l  l o a d  a n d  s p e e d  i s  i n d i c a t i v e  t h a t  s a t i s -  
f a c t o r y  t e s t  b e a r i n g  o p e r a t i n g  i s  p o s s i b l e .  T h e  f i r s t  
s e v e n  p a r t s  o f  t h e  d e b u g g i n g  p r o g r a m  h a v e  t h u s  b e e n  c o m p l e t e d  
w i t h  o n e  t e s t  r e s u l t  i n d i c a t i v e  t h a t  P a r t  8 may b e  a c c o m p l i s h e d  
r e a d i l y .  S h o r t  r u n s ,  c o n d u c t e d  d u r i n g  t h e  l a b y r i n t h  s e a l  
s t u d y  on  t h e  r e c i r c u l a t i n g  o i l  r i g  i n d i c a t e  t h a t  t h e  m a i n -  
t e n a n c e  o f  a 400°F a i r  t e m p e r a t u r e  a t  t h e  b a c k  o f  t h e  a i r  
t e s t  s e a l  i s  f e a s i b l e  a n d  s o  P a r t  9 o f  t h e  p r o g r a m  h a s  i n  
e s s e n c e ,  b e e n  f u l f i l l e d .  / 

There  t h u s  r e m a i n s  t h e  f i n a l  p a r t  1 0 ,  w i t h  t h e  h o t - a i r  
t e m p e r a t u r e  i n c r e a s e d  i n  t h e  r e g i o n  o f  a t  l e a s t  900° - lOOOOF 
t o  b e  a c c o m p l i s h e d  b e f o r e  t h e  f i r s t  s c r e e n i n g  t e s t  c a n  b e  
i n i t i a t e d .  

T h e  u n r e l i a b l e  b e h a v i o r  of  t e s t  a n d  r i g  b e a r i n g s ,  i . e .  
t h e  r a n d o m  i n c i d e n c e  o f  s m e a r i n g  f a i l u r e s  i s  s o t  u n e x p e c t e d .  
I t  i s  a r a r e  e v e n t  i n  h i g h - t e m p e r a t u r e  h i g h - s p e e d  t e s t i n g  i f  
a t e s t  s y s t e m  o p e r a t e s  t h r o u g h  i t s  f i r s t  r u n s  w i t h o u t  some 
b e a r i n g  f a i l u r e s .  T h e  way t o  e l i m i n a t e  t h e s e  i s  b y  p a t i e n t  
m o d i f i c a t i o n  o f  m i n o r  d e s i g n  p a r a m e t e r s  o f  t h e  b e a r i n g s ,  o f  
l u b r i c a t i o n  a n d  h e a t i n g  d e t a i l s  a n d  o f  m e t h o d s  o f  r u n - i n .  
T h i s  m e t h o d  a p p l i e d  i n  t h e  c o n t r a c t  NASw-492 ( 4 )  h a s  l e d  t o  
v e r y  h i g h  o p e r a t i n g  r e l i a b i l i t y  o f  t h e  b e a r i n g s  a f t e r  c o n -  
s i d e r a b l e  e f f o r t .  

T h e  s c o p e  a n d  t i m i n g  o f  t h e  p r e s e n t  p r o j e c t  d o e s  n o t  
a l l o w  f o r  a n y  e x t e n d e d  b e a r i n g  o r  s y s t e m s  d e v e l o p m e n t  t o  
o p t i m i z e  p e r f o r m a n c e  p r i o r  t o  t h e  s c r e e n i n g  t e s t s .  
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I t  h a s  b e e n  a g r e e d  w i t h  t h e  N A S A  P r o j e c t  M a n a g e r  t h a t  
s c r e e n i n g  t e s t s  w i l l  b e  i n i t i a t e d  i m m e d i a t e l y  w i t h  b e a r i n g s  
a n d  s y s t e m s  i n  e s s e n t i a l l y  d e s i g n  c o n d i t i o n  a n d  e a r l y  t e s t  
e x p e r i e n c e  c a r e f u l l y  e v a l u a t e d ,  I f  t h e  t e s t s  a p p e a r  t o  
y i e l d  u n s a t i s f a c t o r y  i n f o r m a t i o n ,  m a k i n g  i t  m a n d a t o r y  t o  
f u r t h e r  m a t c h  b e a r i n g  a n d  s y s t e m s  d e s i g n  t o  t h e  l u b r i c a t i o n  
a n d  t e m p e r a t u r e  c o n d i t i o n s  o f  t h e  t e s t ,  t h e n  NASA P r o j e c t  
M a n a g e m e n t  w i l l  b e  a p p r a i s e d  and a p p r o p r i a t e  r e d i r e c t i o n  o f  
w o r k  s o u g h t .  

- S c h e d u l i n g  o f  S c r e e n i n g  a n d  E n d u r a n c e  T e s t s  ( T a s k s  11-IV) 

R e f e r r i n g  t o  t h e  PERT n e t w o r k  o f  t h e  p r o j e c t  t a s k s  i n  
E n c l o s u r e  1 ,  i t  h a s  b e e n  i n d i c a t e d  t h a t  t h e  c h e c k - o u t  o f  
t h e  t e s t  b e a r i n g s ,  s e a l s ,  r i g ,  a n d  s y s t e m s  ( T a s k  I >  i s  now 
c o m p l e t e d  a l t h o u g h ,  a s  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n s  
o f  t h i s  r e p o r t  v a r i o u s  d e f i o i e n c e s  i n  some  c o m p o n e n t s  a n d  
s y s t e m s  h a v e  so  f a r  p r e v e n t e d  e x t e n d e d  p e r i o d s  o f  o p e r a t i o n  
u n d e r  f u l l  d e s i g n  c o n d i t i o n s .  H o w e v e r ,  a l l  s u c h  d e f i c i e n c e s  
h a v e  b e e n ,  o r  a r e  b e i n g  r e m e d i e d  a n d ,  i t  i s  e x p e c t e d  t h a t  
s c r e e n i n g  t e s t s  ( T a s k s  I1 a n d  IV) a t  l e a s t  i n  t h e  r e c i r c u -  
l a t i n g  r i g ,  w i l l  b e g i n  b y  t h e  end o f  N o v e m b e r  (week 57, 
w h i c h  i s  a t  t h e  l a t e s t  a l l o w a b l e  t i m e  i n d i c a t e d  o n  E n c l o -  
s u r e  11 u n d e r  f u l l  s p e c i f i e d  c o n d i t i o n s ,  w i t h  t h e  f o l l o w -  
i n g  e x c  ep t. i o n  s : 

a )  T h e  m a s s  s p e c t r o m e t e r  w i l l  n o t  b e  o p e r a b l e ,  s o  
t h a t  n o  r e a l  t i m e  a n a l y s e s  o f  o x y g e n  a n d  h e l i u m  
c o n t e n t  o f  t h e  t e s t  a n d  s e a l  c h a m b e r  w i l l  b e  
a v a i l a b l e  b e f o r e  m i d - D e c e m b e r ,  I n  t h e  m e a n t i m e ,  
g a s  s a m p l e s  w i l l  b e  c o l l e c t e d  d u r i n g  e a c h  s c r e e n -  
i n g  t e s t  f o r  g a s  a n a l y s i s  a t  a l a t e r  t i m e ,  w h i c h  
i s  b e i n g  a r r a n g e d ,  T h i s  w i l l  r e s u l t  i n  a l a c k  o f  
i n f o r m a t i o n  r e g a r d i n g  t h e  i n d i v i d u a l  l e a k  r a t e  
t h r o u g h  t h e  a i r  s e a l  a n d  t h e  o i l  s e a l  a n d  o n l y  
t h e i r  sum w i l l  b e  k n o w n .  I t  a l s o  s u p p l i e s  i n -  
f o r m a t i o n  on  o x y g e n  c o n t e n t  i n  t h e  b e a r i n g  c h a m b e r  
o n l y  a f t e r  t h e  t e s t  s o  t h a t  e x c e s s  o x y g e n  i f  p r e s e n t  
c a n n o t  b e  c o r r e c t e d  d u r i n g  t e s t i n g .  
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b )  T h e  f i n a l  s l i p - r i n g  a n d  c o n n e c t o r  sys t ems  w i l l  
n o t  b e  a v a i l a b l e  b e f o r e  m i d - D e c e m b e r ,  so  t h a t  t h e  
8 - r i n g  a s s e m b l y  now o n  h a n d  w i l l  b e  u s e d  f o r  
i n i t i a l  s c r e e n i n g  t e s t s .  S i n c e  t h i s  u n i t  h a s  n o t  
p r o v e d  t o  b e  r e l i a b l e  i n  t h e  t e s t i n g  s o  f a r ,  t h e  
r e s u l t s  o f  e a c h  t e s t  i n  w h i c h  i t  i s  u s e d  w i l l  b e  
r e v i e w e d  a n d  a d e c i s i o n  made  r e g a r d i n g  t h e  a c c e p t -  
a b i l i t y  o f  t h e  d a t a ,  

c )  Some m i n o r  i n s t r u m e n t s  h a v e  n o t  y e t  b e e n  o p e r a t e d  
o n  a f u l l y  a u t o m a t i c  b a s i s ,  s u c h  a s  t h e  v i b r a t i o n  
s e n s o r ,  some h o u s i n g  t h e r m o c o u p l e s ,  a n d  t h e  n i t r o -  
g e n  b l a n k e t  f l o w  c o n t r o l l e r .  F i n a l  a d j u s t m e n t  o f  
t h e s e  i n s t r u m e n t s  w i l l  b e  a t t e m p t e d  i n  t h e  f i r s t  
t e s t s ,  b u t  i f  u n s u c c e s s f u l ,  t h e  d a t a  w i l l  b e  t a k e n  
m a n u a l l y  a n d  r e v i e w e d  l a t e r  f o r  a c c e p t a b i l i t y .  

d )  M o d i f i c a t i o n s  o f  some p a r t s  o f  t h e  h o t - a i r  m a n i -  
f o l d  f o r  o p e r a t i o n  a t  f u l l  p r e s s u r e  a n d  t e m p e r a -  
t u r e  w i t h  t h e  new p n e u m a t i c  t e s t  b e a r i n g  l o a d i n g  
s c h e m e  w i l l  b e  c o m p l e t e d  by  w e e k  57 f o r  t h e  f i r s t  
s c r e e n i n g  t e s t s ,  a n d  t h e  s u c c e s s  o f  t h e s e  p a r t s  i n  
a t t a i n i n g  f u l l  s p e c i f i e d  t e s t  c o n d i t i o n s  w i l l  b e  
r e v i e w e d  a t  t h a t  t i m ? .  

I t  i s  p l a n n e d  t o  p r e s e n t  NASA P r o j e c t  M a n a g e m e n t  w i t h  
a d e t a i l e d  a c c o u n t  o f  t h e  s c r e e n i n g  t e s t s  r u n  a s  d e s c r i b e d  
a b o v e  a n d  o b t a i n  a d e c i s i o n ?  o n  t h e  b a s i s  o f  t h e  r e s u l t s ,  a s  
t o  t h e  a c c e p t a b i l i t y  o f  t h e s e  f i r s t  t e s t s  u n d e r  T a s k s  I1 a n d  
IV. 

T y p e d :  d e l  
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- A P P E N D I X  I 

EXHIBIT "A" 

SCOPE OF WORK 

I 

SST LUBRICATION SYSTEM INVESTIGATION 
(NAS3-6267 1 

TASK I. 

The Contractor shall provide two bearing and seal assembly test rigs 
(one of which shall be designed and fabricated by the Contractor and 
shall be Contractor-owned equipment and the other shall be fabricated 
under this Contract and shall become the property of the Government) 
which shall simulate the bearing and seal assembly required in the 
propulsion system of a Mach 3 supersonic transport. 
be constructed of the same basic elements using dimensionally-stable 
corrosion-resistant structural materials, with appropriate modifica- 
tions made for a recirculating lubrication system in one rig and a 
once-through system in the other. Provision shall be made for heat- 
ing the test bearing and seal assembly, preheating the lubricant and 
using nitrogen gas blanketing in the test cavity. 
nitrogen gas to be used for inerting shall be at least 99.99 percent 
by volume nitrogen, oxygen content of not more than 50 ppm by volume, 
hydrocarbon content (as methane) of not more than 5 ppm by volume, 
and a dew point of -90' F. or better. The temperature distribution 
on the test bearing atid seai assembly and test cavity shall be such 
that no part is at a ternperatwe of more than 25" F. below the outer 
ring bearing test temperature. To insure that the heat flow path 
will be from the inner to the outer ring of the test bearing, the 
inner ring temperature shall be maintained at least 10' F. hotter 
than the outer ring temperature, 
in the test cavity and the following additional requirements shall 
be met: 

Bearing and Seal Assembly Test Rig 

Each rig shall 

Quality of the 

Oxygen content shall be monitored 

'A. Bearings 

1. The primary test bearing shall be a split-inner-ring ball 
bearing with a 26' nominal contact angle manufactured from 
consumable-electrode vacuum melted M50 or WB49 steel, depen- 
dent upon the highest operating temperature required, suit- 
able for use as an aircraft gas turbine engine bearing with 
a life of at least 3000 hours. The WB49 steel shall be used 
for test bearings required to operate at temperatures higher 
than 600' F. 

2 .  The bearing selected, SKF #459862, has a bore diameter of 
125 m. 

3 .  The test shaft shall be un at 14,000 rpm to yield a dn g value equal to 1.75 x 10 . 

1-1 



A P P E N D I X  I (Cont.) 

4.  The bea r ing  s h a l l  be t e s t e d  under a t h r u s t  l oad  P=3280 l b s .  
(C/P = 7.49) equ iva len t  t o  a L1o = 500 hours  (420 m i l l .  r e v s . )  
a s  c a l c u l a t e d  by AFBMA (Ant i -F r i c t ion  Bearing Manufacturers 
A s s o c i a t i o n )  methods. Bearing t h r u s t  load s h a l l  be a p p l i e d  
by a system designed so  t h a t  the  load s h a l l  be independent 
of t h e  p r e s s u r e  drop app l i ed  ac ross  t h e  t es t  s e a l  assembly. 

B. S e a l s  

1. 

2 .  

3. 

4. 

5. 

The tes t  seal s h a l l  be  constructed as a p res su re -ba lanced  
double f a c e  seal assembly s u i t a b l e  f o r  u s e  as a mainshaf t  
s e a l  i n  an a i r c r a f t  gas  t u r b i n e  engine w i t h  a des ign  l i f e  of 
3000 hours .  Sea l  r i n g  materials s h a l l  be s e l e c t e d  on t h e  
b a s i s  of b e s t  wear l i f e  data a v a i l a b l e  under SST c o n d i t i o n s .  
The f i r s t  t r i a l  run  seal s p r i n g s  and bellows s h a l l  be made of 
AM350. A s  a backup m a t e r i a l ,  Inco 718 s h a l l  be considered.  
Damping s h a l l  be used i f  excessive v i b r a t i o n  of t h e  bellows 
seal  occurs .  

The seal s h a l l  have a mean f a c e  diameter of 6.33". 

The seal s h a l l  p rovide  a mean i n t e r f a c e  speed of 388 f p s .  

A l eakage  i n  excess  of 5 scfm ac ross  any s i n g l e  seal a t  
100 p s i d p  w i t h  1200OF. h igh-p res su re  air s h a l l  be consi-  
dered  a s e a l  f a i l u r e .  Gas flowmeters i n  t h e  n i t r o g m  ~ n d  
h igh-p res su re  a i r  l ines  and -8s spec t rometer  moni tor ing  
of a l l  t e s t  chambers, u s ing  a helium t r a c e r  i n  t h e  n i t r o g e n  
b l anke t ing  g a s ,  s h a l l  be used t o  provide  maximum f l e x i b i l i t y  
i n  t r a c i n g  seal leakage pa ths .  

Ni t rogen  gas  s h a l l  be suppl ied t o  t h e  space between t h e  two 
s e a l s  a t  a p r e s s u r e  of about 5 p s i  h ighe r  t h a n  t h e  1200' F. 
a i r  p r e s s u r e ,  and t h e  t e s t  cav i ty  s h a l l  be  vented overboard,  
p rov id ing  t h i s  system meets t h e  n i t rogen  leakage  and o t h e r  
requi rements  of a n  SST system. Otherwise, bo th  s e a l s  s h a l l  
be allowed t o  l e a k  i n t o  a common cav i ty  and s h a l l  be vented  
overboard.  
t es t  c a v i t y  s h a l l  not  exceed 0.5%. 

T o t a l  oxygen con ten t  o f  l eakage  g a s e s  i n t o  t h e  

TASK 11. Closed and I n e r t e d  Rec i r cu la t ing  Lubr i ca t ion  System 

The Con t rac to r  s h a l l  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of a closed and 
i n e r t e d  r e c i r c u l a t i n g  l u b r i c a t i o n  system under s imula ted  Mach 3 SST 
engine  f l i g h t  c o n d i t i o n s .  

1 - 2  



A P P E N D I X  I ( C o n t . )  

A .  Fluid Selection 

The following five fluid types shall be selected for investigation 
on the basis of lubricating ability, minimum residual deposits under 
test conditions, heat of vaporization, additive susceptibility, and 
present availability of lubricant. Consideration shall be given to 
those fluids with high thermal stability to operate satisfactorily 
in a low oxygen atmosphere, which would otherwise fail in an open 
circulating system at bulk oil temperatures in the range of 525O F. 
to 550' F. The pour point of candidate oils shall be at least as 
low as 

1. 

2 .  

3 .  

4. 

5. 

-30' F. 

A baseline fluid meeting Mil-L-7808E specification, incorpo- 
rated herein by reference and hereby made a part hereof, 
Humble Oil and Refining Company's 4040 Turbo-oil 

A fluid as similar as possible to Mil-L-7808EY but with 
improved high-temperature lubricating properties such as 
Sinclair Turbo S oil, type 1048 (improved). 

A highly refined mineral oil such as Socony Mobil XRM-109F. 

A poiyphenyl ether, Monsanto's OS-124 (modified according 
to a user's proprietary formulation) or a special blend 
designed to reduce the pour point without sacrificing high- 
temperature viscosity excessively. 

A fifth fluid, such as Monsanto's MCS-525, as an improved 
version of MCS-258, or DuPont's MLO-64-9. 

The NASA Project Manager will select one of the above base fluids 
and a Freon-type additive for running as described in Paragraph B.l. 
of this Task 11. The final selection of all test lubricants shall 
be approved by the NASA Project Manager. 

B. Screening Tests 

The Contractor shall perform a series of screening tests using the 
five approved fluids in the bearing and seal 
the extent of corrosion, system deposits and 
closed and inerted recirculating lubrication 
Mach 3 SST engine flight conditions. 

assembly to establish 
mode of failure of the 
system under simulated 

1.: Test Procedure 

The experimental rig shall be operated under each set of 
conditions (type of fluid and bearing temperature) for a 

1-3 



A P P E N D I X  I ( C o n t .  1 

d u r a t i o n  of t h r e e  hours  o r  u n t i l  f a i l u r e  i s  i n d i c a t e d  by (a) 
a sudden r i s e  i n  t h e  tes t  bearing to rque ,  tempera ture  o r  
v i b r a t i o n ,  o r  ( b )  a n  i n c r e a s e  i n  seal leakage  t o  an  excess- 
i v e  leakage ra te ,  o r  (c) excessive coking of t h e  o i l  t o  t h e  
e x t e n t  t h a t  o i l  flow t o  t h e  bearing cannot be main ta ined .  A 
run  s h a l l  c o n s i s t  of u s ing  a l u b r i c a n t  from t h e  s e l e c t e d  l i s t ,  
p rev ious ly  degassed ,  i n  a n i t r o g e n - i n e r t e d  r e c i r c u l a t i n g  
system a t  an o i l - i n  tempera ture  of 500° F. + 10' F. 
s h a l l  be conducted w i t h  t h e  bearing o u t e r - r i n g  tempera ture  
main ta ined  a t  600' F. I f  t h e  f u l l  t h ree -hour  t es t  i s  con- 
duc ted  wi thout  f a i l u r e ,  t h e  t e s t  elements and r i g  s h a l l  be 
cleaned and a new run conducted a t  a n  o u t e r - r i n g  tempera ture  
looo F. h ighe r  than t h a t  obtained i n  t h e  p rev ious  run.  A f t e r  
a f a i l u r e  of a t e s t  p a r t  i s  obtained,  ano the r  run s h a l l  be 
conducted w i t h  t h e  o u t e r - r i n g  temperature maintained a t  50 F. 
l e s s  than t h a t  a t  which t h e  f a i l u r e  occurred.  Th i s  procedure 
s h a l l  be followed f o r  each l u b r i c a n t  t o  e s t a b l i s h  t h e  maximum 
bea r ing  ope ra t ing  tempera ture  f o r  each l u b r i c a n t  under i n e r t  
b l a n k e t i n g  cond i t ions .  

This  run 

0 

The e f f e c t  of us ing  a Freon-type a d d i t i v e ,  i n  t h e  amount of 
10% or less by volume, on system performance s h a l l  be explored 
i n  a s e p a r a t e  t e s t  run i n  one degassed l u b r i c a n t .  T e s t s  of 
t h e  l u b r i c a n t ' s  spontaneous i g n i t i o n  t e m e r a t u r e  s h a i i  be con- 
duc ted  on t h e  tes t  l u b r i c a n t  p r i o r  t o  t h e  screening t e s t ,  
accord ing  EO ASTM s p e c i f i c a t i o n  D2155-63TY incorpora t ed  h e r e i n  
by r e f e r e n c e  and hereby made a p a r t  h e r e o f .  

The l u b r i c a n t ,  which i s  expected t o  be i n  t h e  range of 525' F. 
t o  550° F. ( o r  h ighe r  i n  some cases)  as measured a t  t h e  o i l  
o u t l e t  from t h e  r i g  t e s t  c a v i t y ,  sha l l  be cooled by a h e a t  
exchanger down t o  500 '2  10' F. before  being r e tu rned  t o  t h e  
test  c a v i t y .  The i n i t i a l  volume of each l u b r i c a n t  i n  t h e  
sys tem s h a l l  be kept  cons t an t  and as  small as p o s s i b l e ,  p re -  
f e r a b l y  4 t o  6 g a l l o n s ,  and required system volume above 
6 g a l l o n s  s h a l l  be approved by t h e  NASA P r o j e c t  Manager. 
o i l  flow rates used s h a l l  be r e p r e s e n t a t i v e  of advanced engine 
d e s i g n  p r a c t i c e  as approved by t h e  NASA P r o j e c t  Manager. 

The 

A l l  l u b r i c a n t s  s h a l l  be degassed for  a 72 hour pe r iod  immedi- 
a t e l y  b e f o r e  running by means of a mechanical vacuum pump 
capab le  of main ta in ing  a p r e s s u r e  of 10-3 t o r r .  New bea r ings  
s h a l l  be used f o r  each l u b r i c a n t  s e r i e s  and a f t e r  each bear ing  
f a i l u r e .  Rework of seals is permi t ted  t o  i n s u r e  maximum u t i l i t y  
of u s e a b l e  seal components, provided such rework does not  a f f e c t  
t h e  t e s t  r e s u l t s .  
Assurance P rov i s ions .  Discrv-?-.- '-z - -  ; .aiked s e a l s  a r e  a l s o  
s u b j e c t  t o  Task  VT 

Reworked s e a l s  a re  s u b j e c t  t o  Task V I ,  Qua l i ty  

r 
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2 .  Data Required 

The Con t rac to r  s h a l l  submit t o  t h e  NASA P r o j e c t  Manager, photo- 
graphs of t h e  t e s t  c a v i t y  showing t h e  t e s t  s e a l s  and t e s t  
bea r ing  documenting t h e  e x t e n t  and n a t u r e  of t h e  l u b r i c a n t  
coking and t h e  v i s i b l e  wear of t h e  t e s t  components i n  each tes t  
run .  Samples of s y s t e m  d e p o s i t s  s h a l l  be  c o l l e c t e d ,  P o r t i o n s  
of t h e s e  samples s h a l l  be analyzed and o t h e r  p o r t i o n s  s h a l l  
be d e l i v e r e d ,  p rope r ly  i d e n t i f i e d ,  t o  the NASA P r o j e c t  Manager, 
a t  h i s  r e q u e s t .  

3 .  Base Line Test 

The Con t rac to r  s h a l l  o b t a i n  base - l ine  d a t a  wi th  a c i r c u l a t i n g  
o i l  system open t o  t h e  atmosphere as i n  conven t iona l  systems,  
(This t e s t  s h a l l  be run  under cond i t ions  s e l e c t e d  t o  avoid 
exp los ion  h a z a r d s . )  The l u b r i c a n t  found i n  t h e  i n e r t e d  
s c r e e n i n g  t e s t s  t o  p rov ide  t h e  maximum b e a r i n g  o p e r a t i n g  
temperature  s h a l l  be used i n  t h i s  b a s e - l i n e  t e s t  t o  determine 
the h i g h e s t  t o l e r a b l e  o p e r a t i n g  c o n d i t i o n s  i n  an open system 
by means of a se r ies  of screening tes t s  s imi la r  t o  t h o s e  
employed i n  t h e  c losed  system s t u d i e s .  
rm s u c c e s s f u l l y  a t  t h e  maximum o p e r a b l e  bea r ing  t empera tu re  
a s  determined for  t h e  f l u i d  i n  tile c iosed  i n e r t e d  s y s t e m ,  
t h e  run s h a l l  be extended t o  f a i l u r e  o r  t o  a maximum of 100 
hour s  a t  t h a t  maximum temperature.  

Should t h e  assembly 

I f  t h e  polyphenyl e t h e r  l u b r i c a n t  does no t  e x h i b i t  t h e  high- 
es t  s a t i s f a c t o r y  o p e r a t i n g  temperature i n  t h e  i n e r t  system 
s c r e e n i n g ,  and i f  f a i l u r e  i s  obtained w i t h i n  t h e  three-hour  
t e s t  p e r i o d  i n  t h e  open system with t h e  l u b r i c a n t  having t h e  
h i g h e s t  i n e r t  system pe  p e r a t u r e  c a p a b i l i t i e s ,  then t h e  open 
system t e s t  s h a l l  be  r epea ted  with t h e  polyphenyl e t h e r .  

TASK 111. Endurance Tests of Closed and I n e r t e d  R e c i r c u l a t i n g  Lubri-  
c a t i o n  System 

The C o n t r a c t o r  s h a l l  perform endurance t e s t i n g  of t h e  c losed  and 
i n e r t e d  r e c i r c u l a t i n g  l u b r i c a t i o n  system. Based on t h e  r e s u l t s  of 
Task 11, a l u b r i c a n t  s h a l l  be s p e c i f i e d  by t h e  NASA P r o j e c t  Manager 
f o r  extended endurance t e s t i n g  i n  t h e  closed and i n e r t e d  r e c i r c u l a t -  
i n g  l u b r i c a t i o n  system. A t  l eas t  two t e s t s  s h a l l  be conducted f o r  
a t o t a l  runn ing  t i m e  o f  1000 hours  each or u n t i l  f a i l u r e  occurs  as 
de f ined  under  Task 11. These endurance t e s t s  s h a l l  be run i n  p e r i o d s  
o f  from 5 t o  10 hours  d u r a t i o n  running t i m e  between which t h e  t es t  
r i g  s h a l l  be  s h u t  down and allowed t o  cool f o r  a p e r i o d  s u f f i c i e n t  
t o  r each  a temperature  of a l l  p a r t s  n o t  exceeding 200' F. 
a p e r i o d  o f  1 t o  2 hour s )  b e f o r e  s t a r t i n g  ano the r  t e s t  c y c l e .  These 

(probably 
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tes ts  s h a l l  be conducted under ope ra t ing  cond i t ions  s p e c i f i e d  by t h e  
NASA P r o j e c t  Manager. 

TASK I V , .  Once-Through Lubr i ca t ion  System Study 

The Cont rac tor  s h a l l  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of t h e  "once-through" 
or'khrow-away" l u b r i c a t i o n  system under s imula ted  Mach 3 SST engine 
f l i g h t  c o n d i t i o n s .  The "once- through'' l u b r i c a t i o n  system i s  h e r e i n  
def ined  a s  a system where a smal l  amount of  l u b r i c a n t  is supp l i ed  i n  
a l i q u i d  s t 2 t e  a s  a g a s - o i l  m i s t  o r  i n  d r o p l e t  form through an o r i f i c e  
c l o s e  t o  t h e  tes t  bea r ing  and then d iscarded .  

A.  F l u i d  S e l e c t i o n  

The fo l lowing  f i v e  l u b r i c a n t  types  s h a l l  be  used i n  m i s t  o r  drop-feed 
t e s t s .  For the  m i s t  a p p l i c a t i o n ,  t h e  a s p i r a t i n g  gas s h a l l  be n i t r o g e n  
except  f o r  t h e  l u b r i c a n t  with a Freon-type a d d i t i v e  where a i r  w i l l  be  
used. (This t e s t  s h a l l  be run under condi t ions  s e l e c t e d  t o  avoid 
explos ion  hazards .  ) 

1. A f l u i d  meeting Mil-L-7808E s p e c i f i c a t i o n ,  i nco rpora t ed  h e r e i n  
by r e f e r e n c e ,  Humble O i l  and Refining Company's 4040,Turbo-o i l .  

, 
2 .  A polya lkylene  Glycol ,  such as  Union Carbide's UCON 50-HB5100. 

3 .  A p o l y o l e f i n ,  such a s  Sun O i l ' s  Sun the t i c  1 8 H .  

4 .  A h i g h l y  r e f i n e d  mineral  o i l ,  such as Socony MobilXRM109F. 

5 .  A p o l y e s t e r ,  such a s  Rohm and Haas Plexol  79. 

The NASA P r o j e c t  Manager s h a l l  s e l e c t  one of t he  above type  f l u i d s  and 
a Freon-type a d d i t i v e  f o r  running a s  descr ibed above. 
t i o n  of a l l  t es t  l u b r i c a n t s  s h a l l  be  approved by t h e  NASA P r o j e c t  
Manager. 

The f i n a l  s e l e c -  

B. Screening  Tests 

The Con t rac to r  s h a l l  perform a s e r i e s  of tes ts  t o  determine t h e  charac- 
ter is  t i c s  of t h e  cand ida te  f l u i d s  i n  a "once- through'' l u b r i c a t i o n  
system. Data t o  be obta ined  inc lude  ex ten t  of c o r r o s i o n ,  system 
d e p o s i t s  and mode of f a i l u r e  of  t h e  "once- through" l u b r i c a t i o n  system 
under e'imulated Mach 3 SST engine f l i g h t  cond i t ions .  

1. Tes t  Procedure 

An o i l  m i s t  system s h a l l  be designed and t e s t e d  e a r l y  i n  t h e  
program so t h a t  i t  s h a l l  be a v a i l a b l e  f o r  use i n  t h e  sc reen ing  

1 - 6  
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tests. Once the mist system parameters (flow rates, and nozzle 
geometry) are established for each lubricant, the fluids shall 
be screened using a test procedure as outlined in Task 11. If 
a fluid will not perform satisfactorily in a mist system, a 
drop-feed lubrication system shall be used. The test para- 
meters shall be identical to those of Task I1 except the 
lubricant shall be supplied from a pressurized reservoir at 
a temperature of 200' F. + 5' F. - 
NASA TN-D-1994, incorporated herein by reference and hereby 
made a part hereof, shall be used as a designing guide for the 
lubricant feed systems and extrapolation of these data shall 
be used as a guide to predict the minimum oil flow require- 
ments of the specified conditions. 
shall supply a flow rate of the order not exceeding 0.1 lbs./min. 
with an 'absolute maximum of 0.25 lbs../min. oil flow. 

The lubrication system 

2 .  Data Required I 

The data requirements shall be identical to those of Task 11. 

TASK V. Endurance Tests of "Once-Through" Lubrication System 

I 7%- r,--&--- u u l I ~ ~ d ~ t o r  shail perform endurance testing of the "once-through" 
lubrication system. The best overall "once-through" lubricant shall 
be selected by the NASA Project Manager and two endurance runs con- 
taining at least 100 shutdown periods (thermal cycles) shall be 
conducted with this "once-through" system (the test to be run for 
a total of 1000 hours, or until failure occurs). Operating conditions 
shall be specified by the NASA Project Manager. 

I 
1 
I 

TASK VI. Quality Assurance 

A. Raw Material and Purchased Article Control 

I Procurement documents for raw material and other purchased articles 
shall be prepared under Corporate Procedure SKF 1307, entitled "Pro- 
cessing of Orders Covered by a U . S .  Government Contract", incorporated 
herein by reference and hereby made a part hereof. 

B. Receiving Inspection 

Inspection of raw material and purchased articles shall be accom- 
plished under Corporate Procedure SKF 1308, incorporated herein by 
reference and hereby made a part hereof. 

Test bearings used in the performance of this Contract shall be made 
by SKF Industries, Inc. 100% inspection, documentation, and certi- 
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fication of results for dimensions, serialization, hardness and process 
inspection shall be done by SKF according to requirements of product 
drawings and specifications and controlled through corporate quality 
control and inspection procedures which shall be in accordance with 
NASA Quality Publication NPC-200-3, incorporated herein by reference 
and hereby made a part hereof. The quality control and inspection 
procedures shall be available for on-site inspection by authorized 
NASA personnel. 

Bearings shall be manufactured in accordance with Specification 471085 
entitled "Identification Control of Critical Bearings", incorporated 
herein by reference and hereby made a part hereof, 

Finished seals shall be purchased and the requirements of 100% dimen- 
sional inspection, serialization, documentation, and certification of 
inspections results shall be specified on Purchase Orders and shall 
be controlled by Procedures SKF 1307 and SKF 1308, incorporated herein 
by reference and hereby made a part hereof, and the supplier shall be 
bound by NASA Quality Publication NPC 200-3, incorporated herein by 
reference and hereby made a part hereof. 

Lubricants shall be purchased under specifications prepared by SKF 
Industries with NASA approval, and certification of compliance with 
the specifications shown on the procurement document shall be required. 
Controls shall be effected through procedures SKF 1307 and SKF 1308, 
incorporated herein by reference and hereby made a part hereof, and 
the supplier shall be bound by NASA Quality Publication NPC 200-3, 
incorporated herein by reference and hereby made a part hereof. 

Discrepant material shall be reviewed in accordance with Procedure 
SKF 1309 entitled "Identifying and Processing Non-conforming Supplies", 
incorporated herein by reference and hereby made a part hereof, with 
the exception of discrepant bearings, seals, and lubricants. The 
material review board for these items shall consist of the SKF Project 
Leader, an S W  Central Quality Control representative, and the NASA 
Project Manager. 

C. Test Hardware Inspection 

In support of the fabrication and assembly performed by the Contractor 
on test hardware the Contractor shall provide for 100% dimensional 
inspection as well as any other inspection necessary to insure com- 
pliance with engineering specifications supporting these processes. 

D. Control of Data Acquisition Equipment 

Data Acquisition Equipment. 
shall be calibrated, evaluated, controlled, and maintained to ensure 

Equipment used in the acquisition of data 
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reliability and accuracy. 

I 

1. Calibration. Data acquisition equipment shall be calibrated 
at pre-established intervals or prior to and after usage. 
The equipment shall be calibrated against certified standards 
which are readily traceable to national standards, 

2 .  Evaluation. Prior to use, data acquisition equipment shall be 
evaluated for accuracy and the results shall be documented. 
The evaluations required are dependent on the equipment and 
its use. 

a. Commercial equipment for which sufficient information is 
available relative to accuracy, stability, and repeata- 
bility, when used in a manner consistent with its design, 
need not be subjected to evaluation tests. However, a 
calibration shall be made and the results documented to 
indicate the amount of measurement error through its 
entire range. 

b. Special equipment designed t o  provide specific measure- 
ments shall be evaluated. In addition, this equipment 
shall be operated using actual test procedures and con- 
ditions t o  verify correctness of the procedure, ease of 
operation, and accuracy, Results of all evaluations 
shall be available for review by NASA-Lewis Research Center. 

E. Cleanliness Control 

The Contractor shall control the cleanliness of all components that 
will contain or otherwise contact the test fluids by enforcing a 
cleanliness specification covering: 

1. The cleanliness level required. 

2 .  The method for measuring and inspecting for cleanliness. 

3 .  Component cleaning procedures. 

4 .  Control of ambient test conditions. 

5 .  'Purge or other cleaning procedures to be used when changing 
from one test fluid type to another. 

1-9 
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APPENDIX I1 

CALCULATIONS OF THE LOAD APPLIED TO 
THE TEST B E A R I N G  BY PNEUMATIC PRESSURE 

Te s t S e  a 1 s7 r 

L e t  9 b e  p r e s s u r e  i n  h o t  a i r  c h a m b e r ,  

P3 b e  p r e s 6 u r . e  i n  b e a r i n g  c h a m b e r .  
b e  p r e s s u r e  i n  i n t e r - s e a l  c a v i t y .  

A s s u m i n g  t h e  l a b y r i n t h  s e a l  h a s  n o  s i g n i f i c a n t  p r e s s u r e  
d r o p  a c r o s s  i t  t h e n  t h e  p r e s s u r e  6 a c t s  o v e r  t h e  e n t i r e  h o t  
a i r  e n d  o f  t h e  t e s t  r i g  a s  shown. 

A s s u m i n g  t h e  h y d r a u l i c  d i a m e t e r s  o f  t h e  two  t e s t  s e a l s  
a r e  i d e n t i c a l ,  t h e n  t h e r e  i s  no n e t  t h r u s t  d u e  t o  t h e  p r e s -  
s u r e  Pz . 
dR b p  t h e  h y d r a u l i c  d i a m e t e r  o f  t h e  r i g  s e a l  t h e n  t h e  

t h r u s t  g e n e r a t e d  i s  g i v e n  b y :  

If dr b e  t h e  h y d r a u l i c  d i a m e t e r  o f  a t e s t  s e a l  a n d  
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R e c a l l i n g  t h a t  t h e  s t i p u l a t e d  o p e r a t i o n  p r e s s u r e  
d i f f e r e n t i a l  a c r o s s  t h e  t e s t  s e a l  p a i r  i s  100 p s i  

t h e  e-3' / O O  p s i ,  a n d  g i v e n  t h a t  

dr = 6.3 70 and d~ = 4; 500 

C o n s e q u e n t l y  when p J =  3' p s i  ( t h e  m i n i m u m )  T= 3262 /A.  
p3 = 4 - 5  p s i  ( t h e  maximum) 7 - = ~ 9 0 ( 3 - / / 4 ,  _ I  

N o w  t h e  r e q u i r e d  b e a r i n g  t h r u s t  l o a d  i s  3280 l b s . ,  , t h u s  
i t  i s  p o s s i b l e  t o  s e l e c t  a s i n g l e  c a v i t y  p r e s s u r e  P? w h i c h  
g i v e s  t h e  e x a c t  l o a d i n g  r e q u i r e d .  

I- 
T h u s  T= 9 1 6.3702(m0) f -1 i = 3200 

T h i s  l i n e a r  r e l a t i o n s h i p  o f  b e a r i n g  l o a d  t o  b e a r i n g  
c a v i t y  p r e s s u r e  i s  s h o w n  i n  E n c l o s u r e  4 0  . 

In p r a c t i c e  t h e r e  i s  s o m e  s l i g h t  a d d i t i o n a l  t h r u s t  f r o m  
t h e  s p r i n g  f o r c e s  o f  t h e  t h r e e  b e l l o w s  s e a l s  i n  t h e  t e s t  r i g ,  
w h i c h  a l l  a c t  i n  a d i r e c t i o n  s u c h  a s  t o  i n c r e a s e  t h e  l o a d i n g  
o f  t h e  b e a r i n g .  F o r  t h i s  r e a s o n ,  a n d  b e c a u s e  t h e  h y d r a u l i c  
d i a m e t e r s  o f  t h e  s e a l s  a r e  n o t  i n  r e a l i t y  i d e n t i c a l ,  a d i r e c t  
t h r u s t  l o a d  c a l i b r a t i o n  m u s t  b e  c a r r i e d  o u t  a n d  c o r r e c t i o n  
m a d e  t o  t h e  p r e s s u r e .  T h i s  a p p l i e s  t o  e i t h e r  f o r m  o f  l o a d i n g  
c o n s i d e r e d  f o r  t h e s e  t e s t  r i g s .  
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! i Comments: 
i 

while being stirred in a 70°F bath. The flask was weighed at  
the f irst  indication that the fluorocarbon was insoluble. 
Since only 8 small amount of perfluorodimethylcyclobutane was 
available, an ultrasonic bath had t o  be used to mix such small 
quantities. This dictated a temperature of approximately &OF. 
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'rFREDN" PRODUCTS LABORATORY 

E. I. du Pont de Nemours & Company 

Report Number: KSS-5103A 

Subject: 

Company: 

BJ: 

Solubi l i ty  of Some Combinations of Stable 
Fluids and Refrigerants and their S t a b i l i t y  
with Metals 

SKF Indus tries, Inc . 
King of Prussia 
Pemsylvsnia 

H. M. Parmelee - Date: Apr i l  28, 1965 

Object: TO determine the s o l u b i l i t y  of "Freon-ll3" 
and "Freon-ll&32" refr igerants ,  in four 

' lubricants,  at atmospheric pressure and 150°F 
and 250°F. me lubricants  were: Mobil XEIM-lOgF, 
Monsanto OS124, Union Carbide Ucon 50-HB-5100, 
and Du Pont PR-143. 

A second object was t o  run sealed-tube s t a b i l i t y  
t e s t s  with the two refr igerants  and four lubri- 
cants i n  combination with each of six metals 
for 24 hours at 500°F. The metals were s ta in-  . 
less steel 304, Inconel X750, Am 355 steel, 
SKF $12 Steel, Monel 505 and s i lve r .  
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Results : 
~ 

A P P E N D I X  I11 ( C o n t .  

- 2 -  

"Freon-114B2" was more soluble than "Freon-113" 
i n  a l l  of the oils at  corresponding temperatures. The order 
of' decreasing so lub i l i t y  f o r  "Freon-114B2" i n  the lubricants 
was as folftows: The 
order for Freon-113" was: XRM-109F > 50-IiI3-5100 > OS124 > 

I 

I PR143. The data are presented i n  Table I. 

50-HB-5100 > XRM-lOgF > OS124 > PR143. 

PR143 was the only lubricant which was reasonably 
s tab le  with the two refrigerants and s i x  metals a t  500°F. The 
l iquids  i n  the PR143 t e s t s  were clear ,  though sometimes turned 
t o  an amber color, with tarnish on the metal and a thin, loose, 
dark f i l m  on the glass wall. All of the other  lubricants 
e i t h e r  burst  the tubes or turned t o  a dark tarry mass. 
data are presented i n  Tables I1 t o  V. 

The 

Comments : 

The so lub i l i t i e s  were determined bx placing about 
100 ml of the lubricant i n  e 250 FCL ttlbe aEwt 10 
tube was equipped w i t h  a sintered glass sparger and a gas out le t .  
The apparatus was tared, the o i l  weighed and the apparatus was 
immersed i n  an o i l  bath a t  controlled temperatures. The refr ig-  
erants  were fed by gravity from an elevated reservoir, through 
a control valve, then t o  it flash c o i l  located i n  the bath, and 
the resul t ing vapor bubbled through the lubricant t o  the air. 
A t  periodic in te rva ls  the apparatus was removed from the bath, 
cooled and weighed. When the weight was constant, the weight 
of refr igerant  dissolved was deterrnlned by difference. 
small amount of gas remaining i n  the vapor was neglected.) 

long. The 

(The 

The sealed-tube t e s t s  were carried out i n  our 
usual manner except tha t  the refrigerants were introduced as 
l iqu ids  and the contents were frozen i n  N2 before degassing. 

were sugplied by SKF and were segments of cylinders which were 
about 1 long. 
&rc of a cylinder 1/2" i n  diameter. 
been considerably heated during cutting, as judged by the blue 

For this reason, the discolored par t s  
were reground t o  give fresh clean metal surfaces. The s i l v e r  
was obtained from the Chambers Works PVI laboratory and was 

A l l  of  the metal t e s t  pieces except the s i l v e r  

Each segment appeared t o  contain about 30" of 
The pieces appeared t o  have 

burned" appearance. I t  
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APPENDIX I11 ( C o n t . )  

..I 3 ." 

I 

3-6 
Inforrnatlon and auggoatlona In thla roport arm baoad upon our trmta and OXparlanCa, and aro 0ffOrOd wlthout charge a0 part Of 

our aorvlca t o  cumtomarm. They aro intandad for u8a by para on^ having tachnlcal aklll at  thalr own diacratlon and rlak. Slnca 
condltlona of uao arm outaldo our control, wa cannot guarantor favorablo raaulto and wa aoaurno no Ilablllty In connoct~on 
wlth urn0 of our roport. Our auggoatlona aro not Intondad a m  A IlOmnmO to oparata undar, or  a racornrnendatlon to  Infrlnga, any 
axlating patonta. 

( * f R C O N  and cornblnatlona of PR'CON- or F- with numorala aro Du Pont'a roalatorod tradarnarka for fluorlnatod hydrocarbonm.) 

OR4024 REV. 8-81 
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A P P E N D I X  I11 ( C o n t . )  

TABLE I 

The Solubility of "F~~eon-ll3" and "Freon- 114B2" I 
i.n Sone Stable  Lubricants 

Weight $ 
Refrigerant O i l  

I --I 

I Ref r.i ge rant -... 

OS124 
I 

150 
250 

31.0 
7.2 

I Ucon 5O-HB-5lOO 
I I 1  

I! 

11 
54.9 
10.8 

150 
250 

I? 

II 
150 
250 

37.5 
11.9 

?R- 143 
11 

!! 

I ?  
26.1 
5.1 

OS124 
II 

150 
250 

23.0 
5.2 

38.5 
6.3 

8.3 
40.1 

ll 

11 
150 
250 

Ucon 5O-HB-5lOO 
1 1  

I XflM- lOgF 
I f  

PR- 143 
I I? 

It 

11 
150 
250 

I1  

I t  
150 
250 

17.3. 
3.0 
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APPENDIX I11 ( C o n t .  1 

TABU I1 

Seeled-Tube Tests on Mobil XRM-109F 

Systems: 
Conditions: 500'F for 24 hours 

2 M1 XRM-lOgF + 2 Ml Refrigerant -0- Metal 

R e f  rige rant - Metal earance After 24 Hrs. 
Metal - 

SS 304 
I1 

Burst 
I I  

"F- 113 'I 

rrF- l l 4 B 2 "  
Inconel X-750 Burst -- 

I 1  Tariy Black 

Am 355 
11 

Burst 
I t  

SKF #I% 
11 

B u r s t  
f I  

Black 
I t  

Tarry 
I 1  

Monel 505 
I I  

I F -  113 f1  

"F- 114B2" 
Black 

I f  
Tarry 

I I  
S i lver  

I I  

TABU 111 

Sealed-Tube Tests on Monaanto OS324 
Systems: 
Conditions: 500°F for 24 hourz 

2 M1 Monsanto OS124 + 2 M1 Refrigerant + Metal - 
A+earence after 24 Hrs. 

Ref rigs rant Me tal quid - Metal 
S6 304 

I1 
Very dark with solids Dark 
Burst 

Inconel X-750 
If 

I t  
I1 

Very dark with solids 
I1  11 I f  II 

AmIf 355 I I  
fI 

Very dark with solids 
Black 

SKF #2 
It 

Red Brown Tar Solids Brown Tarry I f  

Monel 505 
If 

Dark 
I f  

Silver 
I I  

Very dark with solids I' 
I f  11 11 I1 I t  
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APPENDIX I11 ( C o n t . )  

TABU IV 

Sealed-Tube Tests  on Ucon 50-HB-5100 

Systems: 
Conditions: 500°F fo r  24 Hours 

2 M l  Ucon 50-HB-5100 + 2 Ml Refrigerant + Metal 

9pearance After 24 Hrs. 
Re f ri ge rant Me tal Liquid Me tal 

SS $04 Bugs t -- -- 
F- 11 3 
F- 114BZ 

Inconel X-750 
11 

Am 355 
I1 

1r~-11311 SKF #2 F- 1 2 4 ~ 2  'I 11 

Monel 505 
11 

'IF- 1 ~ 3 ' ~  
" F- 114B2 'I 

11 

I? 

I 1  

11 

TI 

11 

I' 

11 I f  
Si lve r  

TAELl3 V 
Sealed-Tube Tests on Du Pont PR-143 

Systems: 
Conditions: 500°F f o r  24 Hours 

2 ML Du Pont PR-143 + 2 M l  Refrigerant f- Metal 

Refrigerant Metal 

SS 304 
I f  

113 Inconel X-750 "F- 114132 " 11 

F- 113 Am 355 V- l i 4 ~ 2 ~ ?  11 

'I F- 11 3 I t  SKF #I2 "E'- 114B2" I 1  

I'F- 11311 Monel 505 
If F- 114B2" 11 

"F- 113 f t  Silver 
If F- 114B2" f I  

Appearance After 24 Hrs. 
Me tal  

Tarnfished 

Liquid  

Clear - S i .  F i l m  OF G l p s  Amber - 11 

Clear Amber - Film 
11 tf I? 

Bright 
Tarnish 

S1. Tarnish 
I f  

Clear 
'I - Film on Glass 

Clear Brown Tarnish 
I? - Film on Glass Gray Tarnish 

Clear - Film on Glass 
Dark Gray Tarnish 

11 I' I' 

Clear - Film on Glass S1. Br. Tarnish 
11 I1 I1 11 Brown Tamfsh 

3-9 



E N C L O S U R E  1 

P E R T  NETWORK OF S S T  L U B R I C A T I O N  S Y S T E M  I N V E S T I G A T I O N  

WORK COMPLET 

31 OCT 65 



I,.:. I 

REPORT 

TASK 111 
RECIRC SYS 

T" I' )  

STUDY OF 

I 

L E G E N D  

y S U S -  NETWORU 

>+LQ+%< 
EVENT NO S : STARTED 

C = COMPLETED 

TE * EVENT EXPECTED T lME b",,",',: :E&oN 
TL ' LATEST ALLOWABLE TIME 

Ts = SLACK T lME lTL-Tcl 

10 OPTIMIST IC  ACTlVlTI TIME ESTIMATE ( IN  WEEKS1 

1,: MOST LIKELY . ' * 

~ ~ ~ ~ ~ T l o N  

tp = PESSIMISTIC . - - 
1, =EXPECTED ' ' ' 

:D TO 



1 -  . 
I 

RESE 

ENCLOSURE 2 

GENERAL T E S T  R I G  LAYOUT SCHEMATIC 

I 

v 4  
A R C H  LAEORATORY S K F  I N DU S T R  I E S. I N C .  
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ENCLOSURE 3 
- -  __ 

TKST FACILITY - GENKIAL LAYOUT - -  . . _. 

T 

! 
i 

t 

P 

r - i  f 



E N C L O S U R E  4 

T E S T  R I G  A S S E M B L Y  - T H R U S T  A P P L I E D  T H R O U G H  L O A D  B E A R I N G  



ENCLOSURE 5 

T E S T  R I G  ASSEMBLY - REVERSE D I R E C T I O N  P N E U M A T I C  L O A D  - 
" -  

-A .:.. 

b 

c J 

'f .s :/ 

.... . . 



E N C L O S U R E  6 

G E N E R A L  V I E W  OF R E C I R C U L A T I N G - O I L  T E S T  C E L L  
- __ 



ENCLOSURE 7 

CLOSE UP VIEW OF RECIRCULATING O I L  TEST R I G  
S H O W I N G  HOT AIR SUPPLY TO THE BACK OF THE T E S T  SEAL P A I R  



I 

r 

ENCLOSURE 8 

PNEUMATIC REGULATION OF SHAFT TEMPERATURE 

o t I I 
I 

I 
I 

1 -  

i 
I 
I 
I 
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ENCLOSURE 9 

O I L  MIST TEST R I G  - NITROGEN SUPPLY SYSTEM 

a 



ENCLOSURE 10 

OIL WIST QUANTITY SUPPLIED BY MIST G E N E R A T O R  

Lubricant:  Esuo Turbo O i l  4040 
O i l  Reservoir  Temperature: 70°F 
Bearing Cavity Pressure:  Atmosphere 

! 

! 

.0053 k- 

F s w 
i 

0 B O T H  CHOKES 
0 PLRA TI N 5 

I ' I  



ENCLOSURE 1 1  

REMOTE O I L  LEVEL D E T E C T I O N  

L 

r- 
ti h 

--- 

h 



E N C L O S U R E  1 2  

B L O C K  D I A G R A M  OF A P P A R A T U S  F O R  SST P R E S S U R E  C A L I B R A T I O N  

D E A D  
r 
1 WEIGHT 
I TESTER 

- 

t 

I 

I I A I R  
-- (23- S U P P L Y  I 

PRESSURE 
GAGE I 

i 
t 

1 
11 

m 
1 6 M  

COMPUTER 



ENCLOSURE 13 

PRESSURE TRANSMITTER CALIBRATION - RECIRCULATING O I L  B I G  

HOT A I R  ChAMBER IBM POINT N O .  275 



ENCLOSURE 14 

PRESSUkE TRANSMITTER CALIBRATION - RECIRCULAT I N G  OIL R I G  

INTER SEAL CAVITY - IBM POINT NO. 273 

- t  



I 

I 

! 
1 

I 

! 
I 

I 
I 1 

I 
I 
I 

---- PRI.:SSUi{i< T i l A N S M I T T E H  C A L I B R A T I O N  - B 1 I C I H C U L A T I K G  O I L  R I G  

TEST B E . \ H I N G  C A V I T Y  IBM P O I N T  N U .  2 7 4  



ENCLOSURE 16 

PRESSURE TRANSMITTER CALIBRATION - O I L  MIST R I G  

HOT AIR CHAMBER IBM POINT NO. 252 

W 
CY 

- 5  I 



E N C L O S U R E  17 
I---- 

I 'H iS .5 l JR~~  T!IANSMITTLR CALIBRATION - O I L  M I S T  IIIG 
-I__-- -- 

IYTLR SLAL CAVITY I B M  P O I N T  N C .  259 
I 

: 

I 

0 
7 

0 



E N C L O S U R E  18 

P R E S S U R E  T R A N S M I T T E R  C A L I B R A T I O N  - O I L  MIST R I G  

TEST B E A R I N G  C A V I T Y  IBM P O I N T  N O .  251 

h t 

h 
I 

e 

0 
0 0 
.5 



E N C L O S U R E  19 

TORQUE SENSOR ASSEMBLY 

K 
0 
c 
U u 
z 

a 
u 
-1 In 

z 
3 z 

3 
-1 
C 

Y -* 

v) 
'3 
z 3 
2 

w? 
0 z 

-1 a 
3 
0 u 

I 

.d 
V 
c 
V V 

E 
3 

. . . . . . . 
N 0 9. L 1  -c f- 3 
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E N C L O S U R E  20 

TORQUE S E N S O R  C A L I B R A T I O N  

SPOOL N O .  1 

I 

/50 - 

I 

d 
Q 
R 

6‘ 

. 

4 

* 

# 
25 -- 
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E N C L O S U R E  21  

TEST B E A H I N G  T H R U S T  LOAD C A L I B R A T I O N  

. J 



E N C L O S U R E  2 2  

S I X T E E N  C H A N N E L  M E R C U R Y  W E T T E D S L I P  R I N G  - A S S E M B L Y  

Ti 



ENCLOSURE 2 3  - 
E L E C T R I C A L  CONNECTOR P R O B E  - ASSEMBLY 



ENCLOSURE 2 4  

T E S T  S H A F T  E L E C T R I C A L  E X T E N S I O N  T'JBE 

r 

c L', I 
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E N C L O S U R E  2 

T E S T  B E A R I N G  D A T A  - S E R I E S  I D E S I G N  

---_ I- 



ENCLOSURE 26 

TEST B E A R I N G  DATA - S E R I E S  I D E S I G N  - 

! 



E N C L O S U R E  27 

T E S T  B E A R I N G  D A T A  - S E R I E S  I 1  D E S I G N  



ENCLOSURE 2 8  

HIGh SPEED l”6USl BEARING - COMPUTER O U T P U I  DATA 

2 6 O  Nomina l  Mounted C o n t a c t  A n a l e g  

O r i g i n a l  D e s i g n  M o d i f i e d  D e s i g n  
( S e r i e s  I) ( S e r i e s  11) 

S h a f t  s p e e d ,  r p n  
T h r u s t  l o a d ,  l b s .  

Computed  O p e r a t  i n n  P a r a m e t e r s :  

I n n e r  r i n g  c o n t a c t  a n g l e ,  d e g r e e s  
O u t e r  r i n g  c o n t a c t  a n g l e ,  d e g r e e s  
A x i a l  b e a r i n g  d e f l e c t i o n ,  i n .  x 
B a l l  c e n t r i f u g a l  f o r c e .  l b s .  
Inner  s e m i - m a j o r  c o n t a c t  a x i s ,  i n .  
O u t e r  s e m i - m a j o r  c o n t a c t  a x i s ,  i n .  
Normal  i n n e r  r i n g  b a l l  l o a d ,  l b s .  
Normal  o u t e r  r i n g  b a l l  l o a d ,  l b s .  
Maximum i n n e r  c o n t a c t  s t r e s s .  k p s i  
Maximum o u t e r  c o n t a c t  s t r e s s .  k p s i  
S p i n - t o - r o l l  r a t i o  o n  i n n e r  
C a g e  s p e e d ,  r p m  
B a l l  r o l l i n g  s p e e d ,  rpm 
B a l l  a x i s  o r i e n t a t i o n  ang- l e ,  d e g r e e s  
B a l l  s p i n  t o r q u e  o n  i n n e r ,  i n - l b s .  

O u t e r  b a l l  s p i n  t o r q u e  p r o j e c t e d  o n  
i n n e r ,  i n - l b s .  

S p i n n i n g  h e a t  g e n e r a t e d .  B t u / h r .  
T o t a l  h e a t  g e n e r a t e d ,  B t u / h r .  
M i n i m u m  f r i c t i o n  c o e f f i c i e n t  re- 

B e a r i n g  l i f e  ( L u n d b e r g - P a l m g r e n )  a 

L i f e  o f  i n n e r  r i n g  c o n t a c t ,  h o u r s  
L i f e  o f  o u t e r  r i n g  c o n t a c t ,  F o u r s  
EIiD o i l  f i l m  t h i c k n e s s  on  i n n e r  

q u i r e d  t o  p r e v e n t  g y r o  s l i p  

h o u r s  

f o r  2 . 5  c s  v i s c o s i t y  l u b r i c a n t .  
10-6 i n .  

B a l l  g y r o s c o p i c  moment,  i n . - l b s .  

1 4 , 0 0 0  
3 , 2 8 0  

4 0 . 2 5  
16.61 

4 4 7 ,  
305. 

- 0 8 7 7  
-0930 

2 2 1 . .  
4 4 8 .  
1 3 6 .  
197, 

6 5 8 5 .  
50896 

. 5 1 4  

1 4 . 7  
- ,513 

1.068 
3145 .  

18931. 

. 0 4 9  

6 2 4 . 2  
1951.8 

8 4 8 . 9  

13.3 
1 4 . 2  

1 4 , 0 0 0  
3 , 2 8 0  

3 4 . 1 4  
15.87 

1053. 
289 .  

. 0 6 9 7  

. l o 4 1  
255.. 
515. 
177. 
1 9 6 .  

4412.  
49559 .  

.399 

1 4 . 1  
356 

1 .084  
2196 .  

1 8 8 3 4 .  

. 0 4 1  

4 3 1 . 8  
6 8 6 . 4  
9 5 5 . 4  

13.1 
1 2 . 9  



, 

E N C L O S U R E  29  

EFFECT O F  B E A R I N G  G R O O V E  C O N F O R M I T Y  
ON B E A R I N G  L I F E  A N D  S P I N  TO R O L L  R A T I O  

\ 

lNTERPOLATlON OF CUR' /€  
FOR OUTER COAlFORiYiTY = . 5 / 6  \ .  

\ 

I I I I I I - 
-51 .52 -53 .54 .55 .56 

I N N E R  RING CONFCRmiTY 



E N C L O S U R E  30 

T H E  D E G R E E  O F  O U T E R  R A C E  C O N T R O L  

S P I N N I N G  T O R Q U E  R A T I O  A S  A F U N C T I O N  O F  
I N N E R  A N D  O U T E R  R A C E  C O N F O R M I T I E S  

C o n f o r m i t y  = g r o o v e  r a d i u s  
b a l l  d i a m e t e r  

1 

OUTER = .5/0 /-- 
CONFORP?!TY 7 /' 

/' 

/"' / f" OUTER = .5/62 
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ENCLOSURE 31 

VISCOSITY-TEMPERATURE RELATION F O R  CIRCULATING OILS 

1 .  E S S O  4 0 4 0  MIL-L-7808E 
2 .  S i n c l a i r  Turbo S 1 0 4 8  Improved 
3 .  Mobil  X R M  177F 
4 .  Monsanto MCS-293 
5 .  D u P o n t  P R  1 4 3  

200 300 400 500 bo0 700 
TEMPERATURE, O F  
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ENCLOSURE 32 

VISCOSITY-TEMPERATURE RELATION FOR MIST L U B R I C A T I N G  OILS 

1 .  E s s o  Turbo O i l  4040 (MIL-L-7808E) 
2 .  U n i o n  C a r b i d e  U C O N  50-HB-5100 
3 .  Sun O i l  S u n t h e t i c  1 8 H  
4 .  S o c o n y  M o b i l  X R M  1 7 7 F  
5 .  H e r c u l e s  H e r c o l u b e  F 

TEMPERATURE - O F  

I 

I 



ENCLOSURE 33 

PROPERTIES OF MONSANTO MCS-293 

V i s c o s i t y ,  D e n s i t y  a n d  C o m p r e s s i b i l i t y  

T e m p e r a t u r e  K i n e m a t i c  V i s c o s i t y  D e n s i t y  

0 - 
7 7  
100 
2 1 0  
300 
500 
700 

18 
25 
38 
100 
150 
2 6 0  
370 

1 3 , 0 4 0  - 
- 1 .195  

2 5 . 2  1 . 1 8 4  
4 . 1 3  - 
2 . 0  1 .101 
0.81 1 . 0 1 7  
0 . 4 8  0 . 9 2 6  

B u l k  
Modu l u  s Q  

p s i  

500,000 
4 1 0 , 0 0 0  
3 4 0 , 0 0 0  
2 8 5 , 0 0 0  
2 3 0 , 0 0 0  
1 9 0 , 0 0 0  

" S e c a n t ,  I s o t h e r m a l  0-7,500 p s i  r a n g e  

P o u r  p o i n t  - 2 0  OF 
F l a s h  p o i n t  445OF 
F i r e  p o i n t  5 4 0 ° F  
A u t o g e n o u s  I g n i t i o n  

T e m p e r a t u r e  9 4 0 ° F  

K y d e r  G e a r  S c u f f  T S  - a t  ?67OF 3 0 2 0  p p l  ( a v e r a g e )  
a t  4 0 0  OF 1350 p p i  ( a v e r a g e )  

E v a p o r a t i o n  Loss  5 0 0 ° F  a t  760mm 5 0 . 7 %  ( a v e r a g e )  
5 0 0 ° F  a t  140mm 61.0% ( a v e r a g e )  

O x i d a t i o n  - C o r r o s i o n  T e s t  ( M o d i f i e d  F S  791 ,  M e t h o d  5 3 0 8 . 2 ;  
4 8  h o u r s  a t  t e m p e r a t u r e  SL/W a i r  f l o w )  

T e m p e r a  t u  r e 5 0 0 ° F  
W e i g h t  c h a n g e  o f  m e t a l s  (mg/cm2) 

i r o n  
c o p p e r  
s i l  v e r  

+ 0 . 0 4  
- 3 . 9 7  
- 0 . 7 1  

600 OF 

+ O .  2 3  
-8.37 
-1.37 

C h a n g e  o f  V i s c o s i t y  a t  6 . 5 O F  + 6 . 5 %  
a t  2 1 0 ° F  + 4 . 4 %  

N e u t r a l i z a t i o n  Number 

I n i t i a l  
F i n a l  

0.01 
0 .10  

+ 4 2 . 3 %  
+ 2 0 . 8 %  

0 . 0 1  
0 . 1 5  
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ENCLOSURE 3 4  

G E N E R A L  PROPERTIES OF HERCOLUBE F 

K i n e m a t i c  v i s c o s i t y ,  c s  

-40°F  
I lOOOF 

2 1 0 ° F  

I P o u r  P o i n t ,  O F  

I F l a s h  P o i n t ,  OF 
F l a m e  P o i n t ,  OF 

I A u t o g e n o u s  I g n i t i o n  P o i n t ,  OF 

I E v a p o r a t i o n  l o s s ,  6& h r s .  a t  4 0 0 ° F , %  

, 
S p e c i f i c  g a v i t y  a t  6 0 / 6 0 ° F  

i l b s .  p e r  g a l l o n  a t  60°F  

I S a p o n i f i c a t i o n  Number 

A c i d  N u m b e r ,  max.  
H y d r o x y l ,  max.  % 
A s h ,  max .  ppm 

3 8 , 0 0 0  
57 

8 . 7  

-60 
5 50 
6 2 0  
910 

4 

1.013 
8.50 

390 

0 . 1  
0 . 2  
50 

I 

, 



T - 9 2 4 0 1 0  

T h i s  r i g  h a s  b e e n  c o n s t r u c t e d  t o  s t u d y  t h e  
f e a s i b i l i t y  o f  o i l - m i s t  l u b r i c a t i o n  u n d e r  
h i g h  p r e s s u r e  a n d  h i g h  t e m p e r a t u r e  c o n d i t i o n s .  



E 
f 
a, 

Y 
k 
m 
n 

0 
0 
9 

cv 
m 
\ 
m 

c 
cn 
.r( 

E 
k 
m 
c, 

c, 
c 
a, 
.d 
d 

k 
m e  
Q O  

0 5  
I 
h h  

d .d 

d d  
.4 .4 

0 0  

0 0  
0 0  
9 9  

c v c u  
m m  
\ \  
m m  

k 
a 0  

0 0 .  0 . 0 . 0 .  co 0 . 0  
v l k Q  d rl 

k Q ,  
h , c 3  

Q P  E 

, 

0 0  0 
0 0  0 

hl c v c v  
0 0 0  

. d S Q , O  m 0 0 0 0  
OW2b Y :: :: m c v c v  

0 
0 
In 
I 

X 
I c r ,  
o r -  
v ) r -  

C I  
o a 2  

d 

m 

rl 

o m  
3 x  



E N C L O S U R E  37 

D E P O S I T  F O R M A T I O N  O N  6000F S T A T I C  B E A R I N G  R I N G S  
E X P O S E D  T O  S U N T H E T I C  1 8 H  I N  OIL MIST FORM F O R  30 M I N U T E S  



E N C L O S U R E  38 

P O W E R  C O N S U M P T I O N  C U R V E S  FROM I N P U T  T O  50  H P  D R I V E  MOTOR 

v- --. 



ENCLOSURE 39 

LUBRICATION DISTRESS IN OIL MIST TEST BEARING COMPONENTS 
AFTER R U N N I N G  6 . 8  H O U R S  AT 6000 RPM, 1000 LBS THRUST 
( O I L  MIST LUBRICANT SUPPLY CUT OFF AFTER 3 . 8  H O U R S )  

L o a d e d  U n l o a d e d  
I n n e r  Rings  

O u t e r  R i n g  

C a g e  P o c k e t  T y p i c a l  B a l l  



E N C L O S U R E  40  

N E T  T H R U S T  ON T E S T  B E A R I N G  AS A F U N C T I O N  OF B E A R I N G  C A V I T Y  P R E S S U R E  

m 
3 

TEST REQ UI RE M ENT 3280 "THRUST 
3200 Y' 

! 

p3 CAVITY PRESSURE ( P s i )  

100 PSI PRESSURE DIFFEREPJTIAL MAINTAINED 
ACROSS TEST SEALS 

, 



1 

E N C L O S U R E  4 1  

4 5 9 9 8 1 A  T E S T  B E A R I N G  A F T E R  8 H O U R  R U N  U P  T O  F U L L  
S P E E D  AND L O A D  I N  R E C I R C U L A T I N G  R I G  

L U B R I C A N T :  E s s o  T u r b o  O i l  4 0 4 0  U n h e a t e d  
A I R  T E M P E R A T U R E :  400'F 



E N C L O S U R E  4 2  

O I L  S I D E  T E S T  S E A L  A F T E R  8 HOUR RUN U P  TO 
F U L L  S P E E D  AND L O A D  IN R E C I R C U L A T I N G  R I G  


